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Ion exchange membranes (IEMs) are key components to water purification [e.g., 
electrodialysis (ED)] and energy generation [e.g., fuel cells, reverse electrodialysis (RED)] 
applications.  IEMs are also being explored for other membrane-based techniques, such 
as reverse osmosis (RO), pressure-retarded osmosis (PRO) [12, 13], and membrane-
assisted capacitive deionization (CDI).  Membrane performance (e.g., conductivity and 
permeability) in these applications is sensitive to membrane transport (water/ion sorption 
and diffusion) characteristics.  However, much remains unknown about the influence of 
polymer membrane architecture on water and ion transport properties critical to high 
performance membranes.   
In this study, a series of homogeneous cross-linked uncharged and sulfonated 
hydrogel membranes with various IEC values were prepared.  Equilibrium water uptake, 
ion sorption, and ion diffusion coefficients in the membranes were determined as a function 
of external salt concentration.  Co-ion sorption decreased markedly as IEC increased 
slightly, suggesting that even low levels of fixed charges exclude co-ions significantly.  
x 
 
However, co-ion sorption became independent of charge density at higher IEC values due 
to non-idealities in the solution and membrane phases.   Counter-ion and co-ion diffusion 
coefficients are mainly governed by water content in the membrane.  Meares’ model 
predictions for counter-ion and co-ion diffusion coefficients agree reasonably with the 
experimental values.  Minor deviations for co-ion diffusion coefficients were evident in 
more highly charged membranes.  These discrepancies might be a result of the 
interactions omitted by Meares’ model (e.g., fixed charges-ion, ion-ion, etc.).   
The effects of water content and charge density on ion sorption were also isolated.  
Membranes with similar water content but different charge densities and similar charge 
density but different water uptake values were synthesized and characterized.  At constant 
charge density, the sorbed mobile salt concentration increases as membrane water content 
increases.  At fixed water content, mobile salt sorption decreases as charge density 
increases due to stronger Donnan exclusion effect.  Salt sorption in the membranes with 
the highest water content or charge density could be predicted after accounting for the non-
idealities in solution and in the membrane.  However, this approach fails for less hydrated 
or weakly charged membranes due to more pronounced thermodynamic non-idealities 
introduced by the uncharged polymer segments. 
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Chapter 1:  Introduction 
Water and energy are highly interrelated resources.  In the 21st century, water and 
energy supply will be two of the largest problems facing the world  [1].  About 97% of 
water on earth is sea water, and another 2% is locked in glaciers and icecaps.  Only 0.5% 
of the overall water resources is fresh water that can be used directly by human beings [1, 
2].  About 41% of the world’s population has limited access to clean drinking water.  
With the rapid growth in the world’s population, the average fresh water supply per person 
will drop by 1/3 in about 20 years [1].  Many countries suffer from a scarcity of fresh 
water, and problems, including environmental pollution, food shortages, and energy crisis, 
will arise as a consequence of water scarcity [1].  Supplying clean water is one of the 
greatest challenges the world is facing in this century [1].   
Industrial processes and agricultural irrigation consume almost 90% of all usable 
fresh water.  With only 10% fresh water left for domestic use, approximately 1.2 billion 
people don’t have access to safe drinking water according to the World Health 
Organization.  Currently, there are 2.6 billion people living in water-stressed areas, and 
this number will increase to 3.5 billion by 2035 [3, 4].  The demand for fresh water is 
increasing twice as fast as the increase in population [1]; thus, the water crisis will get 
worse as population increases.   
Many global problems are also associated with the lack of fresh water, such as 
environmental quality, economic development and most importantly, energy generation 
[4].  Fresh water and energy are highly interrelated: water purification consumes energy, 
while the production of energy requires large amounts of water [5].  Therefore, there is a 
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great need to replace the conventional energy used in the water purification with renewable 
energy and develop more energy-efficient techniques to produce fresh water.  
To satisfy this intensively growing water demand, various desalination techniques 
have been introduced and developed during the last century.  Membrane-based reverse 
osmosis (RO) has been a widely used desalination method to provide purified water at a 
lower energy cost than other techniques, such as multi-stage flash (MSF) and multi-effect 
distillation (MED).  RO technique has successfully achieved a 32-fold increase in 
capacity over the past 3 decades [6-8].  However, with the increased growth of industrial 
and agricultural activities, the established world desalination capacity can only account for 
7.5% of the world fresh water demand [9].  Therefore, alternative renewable energy 
generation and low-cost water purification techniques need to be developed to solve these 
issues.  In addition to RO, other membrane-based techniques for water treatment and 
energy generation, such as forward osmosis (FO) [10, 11], pressure-retarded osmosis 
(PRO) [12-14], electrodialysis (ED) [15-20], reverse electrodialysis (RED) [21-23], and 
membrane-assisted capacitive deionization (CDI) [24-30], have recently received a great 
deal of attention since they could provide new solutions to the water and energy crisis [31, 
32].  All of these techniques rely on controlling water/ion transport characteristics of 
polymeric membranes.  To enhance membrane performance, we need a better 
understanding of how the fundamental water and ion transport properties relate to 
membrane structure.  Such information will facilitate the design and engineering of new 
generations of membranes with desired energy efficiency and separation properties. 
3 
 
1.1 DISSERTATION GOALS AND OUTLINE 
The ultimate goal of this project is to broaden our fundamental water and ion 
transport knowledge in polymeric membranes for various water treatment and energy 
generation applications. This knowledge base will include an understanding of how 
membrane’s physical and chemical structure correlates with ion transport properties.  
This dissertation consists of 8 chapters.  Chapter 1 gives a brief introduction to the 
importance of this project and chapter organization.  Then, fundamental concepts and 
theoretical models regarding water/ion sorption, diffusion, and permeation are introduced 
in Chapter 2.  Subsequently, Chapter 3 provides information about polymer synthesis and 
preparation procedures.  In addition, experimental techniques to characterize membrane 
physical and transport properties are also included in Chapter 3.   
Chapter 4 systematically investigates the influence of adding fixed charges to the 
polymer backbone on polymer water and ion sorption properties.  Equilibrium water 
uptake and ion content (Na+, Cl-) in the membranes were determined as a function of 
external NaCl concentration (0.01-1.0 mol/L).  Interestingly, co-ion (Cl-) sorption 
decreased significantly as IEC increased slightly.  However, at IEC values of 0.97 meq/g 
and higher, Cl- sorption became independent of charge density.  Such behavior is 
qualitatively consistent with ideal Donnan theory.  Quantitative agreement between 
experimental and theoretical values is not achieved in almost all the membranes 
considered, suggesting highly non-ideal ion behavior in the membrane and solution phases 
that is not captured by Donnan theory. 
Chapter 5 seeks to elucidate the individual influence of water content and fixed 
charge concentration on ion sorption properties.  Water content and charge density were 
controlled independently by varying the AMPS content in the pre-polymerization mixture 
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and PEGDA chain length.  Membranes with similar water content but different charge 
densities and similar charge density but different water uptake values were synthesized and 
characterized.  Ion sorption (e.g., Na+, Cl-) in these materials was measured using aqueous 
NaCl solutions at concentrations ranging from 0.01 to 1.0 M.  Theoretical ion sorption 
values predicted using the Donnan/Manning approach agrees remarkably well with the 
experimental data for the most highly charged and hydrated membranes.  For weakly 
charged and less hydrated membranes, the experimental values cannot be described by 
model predictions, likely due to more pronounced thermodynamic non-idealities 
contributed by interactions between polymer segments and ions, which are not considered 
in Manning’s model. 
Chapter 6 explores ion diffusion coefficients in a series of uncharged and negatively 
charged membranes.  To accomplish this goal, membrane salt permeability and ionic 
conductivity properties were measured in a consistent manner.  Individual ion diffusion 
coefficients are mainly governed by water content in the membrane, in accordance with 
the Mackie and Meares tortuosity model.  Salt permeability coefficients and ionic 
conductivity data are interpreted using the solution-diffusion model and the Nernst-Plank 
equation.  Finally, conclusions and recommendations for future research are provided in 
Chapter 7. 
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Chapter 2:  Background 
2.1 ION EXCHANGE MEMBRANES 
Ion exchange membranes (IEMs) are widely used commercially in various fields, 
such as desalination, electrodialysis (ED), diffusion dialysis, and solid polymer electrolytes 
for batteries, medication, sensors, etc. [21].  IEMs often consist of a cross-linked 
hydrocarbon matrix to which charged functional groups are attached [1].  These charged 
functional groups can be introduced to the polymer backbone by, for example, 
copolymerizing functionalized monomers [1].  Ion exchange membranes may contain 
acidic functional groups (e.g., sulfonate groups), basic functional groups (e.g., quaternary-
ammonium groups), or both.  Strong acidic or basic groups (e.g., -SO3H, -R3NH) can 
solvate and ionize completely in contact with aqueous solutions [1].  To maintain 
electroneutrality, the charge on the functional groups (e.g., -SO3
-, -R3N
+) must be balanced 
by ions bearing an opposite charge, which are termed counter-ions.  Thus, the ion 
exchange membrane is usually specified according to its counter-ion form.  For example, 
a cation exchange membrane, which means the functional group is negatively charged, can 
be referred to as in the ‘acid form’ or ‘salt form’ depending on whether the counter-ion is 
a proton (H+) or other cations (e.g., Na+, K+, and Ca2+).  Ions bearing the same charge as 
the functional group are called co-ions.  Negatively charged membranes are cation 
exchange membranes (CEMs), and positively charged membranes are anion exchange 
membranes (AEMs).   
To quantify charge density in IEMs, ion exchange capacity (IEC), defined as 
milliequivalents (mmol) of fixed charges based on dry polymer weight [meq/g (dry 
polymer)], can be readily computed from polymer composition [17].  However, the molar 
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concentration of fixed charges or ions based on the volume of sorbed water [molarity, 
mol/L (water sorbed)] is the relevant charge density experienced by ions sorbing into IEMs 
[16-18].  In this study, IEC is used to label samples, and charge molarity (i.e., charge 
density) is used to interpret ion sorption results.  
2.2 MEMBRANE WATER CONTENT 
Water uptake equilibrium depends on the polymer’s intrinsic properties (e.g., 
matrix hydrophilicity, number of charged groups, degree of cross-linking) and external 
electrolyte solution concentration, with all other conditions held constant (e.g., the type of 
charged groups and external electrolytes, and the interaction between ions and charged 
groups, etc.) [1-3].  When a dry polymer is placed in DI water, polar (e.g., ether oxygen) 
groups and hydrophilic charged (e.g., sulfonate) groups bound to the polymer backbone 
tend to surround themselves with water molecules from the external solution [4].  As the 
charged groups ionize, more water sorbs into the membrane and dilutes the fixed charge 
concentration.  Therefore, water uptake generally increases as more ionogenic groups are 
added to the polymer backbone [1, 5-7].   
2.3 DONNAN THEORY 
The charges in ion exchange membranes have a great influence on salt transport 
characteristics, such as salt sorption and salt diffusion [21, 55-57].  In uncharged 
membranes, ions are sorbed through a partitioning mechanism.  However, in charged 
membranes, ions are sorbed as a result of both partitioning and ion exchange with the fixed 
charge groups [37].  For example, when a membrane with fixed sulfonate groups in the 
acid form is immersed in a NaCl solution, the counter-ion sodium (Na+) will not only 
associate with the chloride co-ion (Cl-), but also replace protons associated with the 
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sulfonate groups if the external solution has a large enough number of available sodium 
ions [21, 22, 33, 54, 58-60].  The fact that more counter-ions (Na+) are sorbed into the 
polymer matrix than co-ions (Cl-) will induce the migration of counter-ions back to the 
solutions and co-ions into the membranes.  This migration causes the membrane to have 
more anions, in this case, while the solution has more cations.  Thus, an electric field 
between the membrane and the solution is formed, and this potential is usually referred to 
as Donnan potential [54, 61].  The Donnan potential then favors the transport of cations 
into the membrane, and anions into the solution.  But eventually, equilibrium is achieved 
when the tendency of migration in the two directions cancels out.  Hence, ion exchange 
membranes, in general, attempt to exclude ions of the same charges, and this feature is 
typically referred to as Donnan exclusion [21, 54]. 
When ion sorption equilibrium is established, the product of ion activities, 𝑎, for 
every ionic species (+ for cation, − for anion), that can partition between an IEM and a 





𝑠  (2.1) 
where the superscripts 𝑚 and 𝑠 represent the membrane phase and the solution phase, 
respectively.  Writing the ion activity as the product of the ion activity coefficient, 𝛾, and 















𝑚  and 𝛾−
𝑚  are the cation and anion activity coefficients in the membrane, 
respectively.  𝐶+
𝑚 and 𝐶−
𝑚 are the concentrations of cations and anions in the membrane 
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(moles of ions per liter of water sorbed in the membrane).  The concentration of a 1:1 
electrolyte in solution, 𝐶𝑠




The mean activity coefficient, 𝛾±
𝑠 , in the solution phase, defined as (𝛾±
𝑠)2 = 𝛾+
𝑠𝛾−
𝑠 , is 












The product of membrane ion activity coefficients, 𝛾+
𝑚𝛾−
𝑚, can be computed from 
the external electrolyte solution concentration, 𝐶𝑠




𝑚,𝑤, and the mean ion activity coefficient in solution, 𝛾±
𝑠 , 
which can be taken from data tabulated in literature or computed by theory such as the 
Pitzer model [13].  For a CEM (e.g., sulfonated polymer) equilibrated in a NaCl solution, 











 are the molar concentrations of Na+, Cl-, and fixed charges 
in the swollen membrane [mol/L (water sorbed)].  Combining Eqn. (2.3) and (2.4), one 





































𝛤 is set to 1 in ideal Donnan theory [1, 14].  Recently, highly non-ideal ion behavior was 
demonstrated in charged membranes due to electrostatic interactions between ions and 
fixed charges, leading to values of this ratio far from unity; in this study, 𝛾+
𝑚𝛾−
𝑚  was 
described by Manning’s model [11]. 
Thus, 𝐶−
𝑚,𝑤  can be computed based on knowledge of the basic membrane 
property, 𝐶𝐴
𝑚,𝑤
, and the external electrolyte concentration, 𝐶𝑠
𝑠 .  The counter-ion 
concentration, 𝐶+
𝑚,𝑤
, can then be calculated using Eqn. (2.4).  In a CEM, the mobile salt 
concentration, 𝐶𝑠
𝑚,𝑤
,  is equivalent to the sorbed co-ion concentration, 𝐶−
𝑚,𝑤, therefore, 
the salt sorption (or partition) coefficient, 𝐾𝑠







𝑠  (2.7) 
where 𝐶𝑠
𝑚,𝑤
 is the mobile salt concentration (e.g., 𝐶𝑠
𝑚,𝑤 = 𝐶−
𝑚,𝑤  for CEMs) in the 
membrane.  𝐶𝑠
𝑚,𝑤
 has units of mol/L (swollen membrane) when considering transport 
phenomena and units of mol/L (sorbed water) when used for sorption model [15].  
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For an uncharged membrane (𝐶𝐴













 in uncharged membranes are equal to the mobile salt concentration 
and proportional to the external electrolyte solution concentration, provided 𝛤  is a 










Combining Eqn. (2.4)-(2.5), the ion concentration ratio in CEMs, 𝐶+
𝑚,𝑤/𝐶−
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For uncharged membrane, 𝐶+
𝑚,𝑤/𝐶−
𝑚,𝑤 is 1 based on Eqn. (2.9). 
2.4 MANNING’S MODEL 
Manning’s model was originally developed to compute colligative properties of 
aqueous polyelectrolyte solutions with added salt [16].  The model assumes the 
polyelectrolyte chain is fully extended with dense, uniformly distributed charges on it [16].  
Electrostatic interactions between charged groups on distant chains and between distant 
segments on the same chain are neglected [16, 17].  Interactions between neutral 
molecules and ions (e.g., uncharged polymer segments and ions) are neglected, and 
interactions between fixed charges and mobile ions are the major contributors to the free 
energy [16, 18, 19].  Recently, Manning’s model was extended to estimate ion activity 










where 𝜉 is referred to as the Manning parameter [16, 21].  𝑏 is the average distance 
between successive fixed charges on the polymer chain.  𝜆𝐵 is the Bjerrum length, which 
characterizes the distance within which ions strongly “associate” with fixed charges [11].  
𝜆𝐵 is determined by the unit electrostatic charge, 𝑒, the vacuum permittivity, 𝜀0, the media 
dielectric constant, 𝜀 , the absolute temperature, 𝑇, and Boltzmann’s constant, 𝑘  [16].  
Thus, 𝜆𝐵 is constant if the dielectric constant and temperature of a system are invariant 
(e.g., 𝜆𝐵 = 7.135 Å in water at ambient conditions).  Then 𝜉 is essentially a measure 
of charge density, since higher 𝜉 values (i.e., smaller 𝑏) denote more densely distributed 
fixed charges on the polymer chain [16].  For IEMs with univalent fixed charges in a 1:1 
electrolyte solution, when 𝜉 > 1, some counter-ions “condense” onto the fixed charges on 
the polymer chain (i.e., counter-ion condensation) [16].  When 𝜉 < 1, counter-ions do 
not undergo condensation [16].  To determine 𝜉  in IEMs, in some cases, 𝜀  can be 
estimated as the volume fraction averaged dielectric constants of dry polymer and water, 
and 𝑏 can be estimated based on polymer chemistry [11, 20, 22].  Detailed calculations 
of 𝜀 are 𝑏 are included in the Supporting Information.  𝑏 values vary between 23 and 
206 Å (𝜉 < 1) for the polymers considered.  This study focuses mainly on cases where 
𝜉 < 1, and 𝛾+
𝑚𝛾−




































































𝑤 depends on membrane properties (i.e., 𝐶𝐴
𝑚,𝑤
 and 𝜉), the electrolyte solution 
concentration (i.e., 𝐶𝑠
𝑠) surrounding the membrane, and the mean activity coefficient of 
the ions in the external solution (i.e., 𝛾±
𝑠 ).  For common aqueous electrolytes, values of 
𝛾±
𝑠  are tabulated in the literature or may be estimated by, for example, the Pitzer model 
[23].  Then, 𝛾+
𝑚𝛾−
𝑚, can be computed from Eqn. (2.13). 
Since the swollen membrane volume (i.e., volume of polymer, water, and ions) is 
often considered for transport phenomena [15], ion concentrations based on the volume of 
sorbed water were converted to concentrations based on the volume of swollen membrane 






 is expressed as mol of ions (𝑖 = + for counter-ion, 𝑖 = − for co-ion) per 
liter of swollen membrane.  The salt sorption coefficient, 𝐾𝑠
𝑝






𝑠  (2.16) 
where 𝐶𝑠
𝑚,𝑝
 is the mobile salt concentration (i.e., co-ion for a CEM) in the membrane.  
That is, 𝐶𝑠
𝑚,𝑝
 is equal to 𝐶−




2.5 MEARES’ MODEL 
Salt and ion diffusion in membranes can be described by a simple tortuosity model, 
which was developed based on a rigid lattice-type matrix [24].  This model assumes water 
present in highly swollen polymers connects and constitutes a liquid-like pathway [25, 26], 
in which penetrants move freely.  This pathway is often tortuous because bulky polymer 
chains hinder the penetrant’s diffusion path.  Therefore, the penetrants must travel extra 
distance to traverse the membrane rather than the direct distance between the two sides of 
the membrane [24].  Consequently, ions or salt appear to diffuse slower in the membrane 
than in aqueous electrolyte solution.  The ratio of diffusion coefficient in the membrane, 
𝐷𝑖
𝑚, to that in aqueous solution, 𝐷𝑖

















 is referred to as the tortuosity factor and 𝜙𝑤 is expressed as L (sorbed 
water)/L (swollen membrane).  Thus, 𝐷𝑖
𝑚  can be predicted based on polymer water 
volume fraction and penetrant diffusion coefficients in external solution (e.g., 𝐷𝑁𝑎+
𝑠  = 
13.3 cm2/s, 𝐷𝐶𝑙−
𝑠  = 20.3 cm2/s, and 𝐷𝑁𝑎𝐶𝑙
𝑠  = 16.1 cm2/s), which are tabulated in literature 
[15, 27]. 
2.6 SOLUTION-DIFFUSION MODEL 
At steady state, the integral salt permeability coefficient, 〈𝑃𝑠〉, is given by [28, 29]: 







𝑚∗〉  is the concentration averaged (i.e., apparent) salt diffusion coefficient, 
which can be computed from experimental salt permeability and salt sorption coefficients 
via Eqn. (2.18).  However, salt diffusion coefficients determined in this manner neglect 
frame of reference and nonideal thermodynamic effects [28].  Frame of reference effects 
can be corrected by accounting for convection using Fick’s law [28].  Correcting for 
nonideal effects uses ion activity coefficient gradients in the membrane, which can be 
obtained from experimental ion sorption results [28, 30].  After these corrections, local 
salt diffusion coefficient, 𝐷𝑠
𝑚, was obtained [28].  In this study, frame of reference and 
nonideal thermodynamic effects almost cancel each other for highly charged samples 
considered (𝐷𝑠
𝑚 ≈ 〈?̅?𝑠
𝑚∗〉, cf. Supporting Information), similar to prior studies [28].  In 
contrast, 𝐷𝑠
𝑚  values for the uncharged sample are slightly higher (< 5%) than 〈?̅?𝑠
𝑚∗〉 
values, since both effects increased salt diffusion coefficients (cf. Supporting Information).  
However, this difference between 𝐷𝑠
𝑚 and 〈?̅?𝑠
𝑚∗〉 is within the experimental uncertainty.  
Thus, for the materials considered in this study, apparent salt diffusion coefficient was used 
to a first approximation as the local salt diffusion coefficient for data interpretations. 
2.7 NERNST-PLANK EQUATION 
When a concentration gradient is present in a CEM, 𝐷𝑠














𝑚 are the counter-ion and co-ion diffusion coefficients in the membrane.     












where 𝐹 is Faraday’s constant, 𝑅 is the gas constant, and 𝑇 is absolute temperature.  
Typically, ion diffusion coefficients are presumed to be independent of driving force [26].  

























𝑚 can be calculated using the experimental ionic conductivity, ion concentrations 
in the membrane, and local salt diffusion coefficients.  Then, 𝐷+
𝑚 can be obtained using 
Eqn. (2.19) or (2.20). 
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Chapter 3:  Materials and Methods 
3.1 MATERIALS AND FILM PREPARATION 
The ionic monomer, 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS), a 
neutral cross-linker, poly(ethylene glycol) diacrylate [PEGDA with n = 13, n = 10, and n 
= 4, where n represents the average number of ethylene oxide (EO) groups per cross-linker 
molecule], a photoinitiator,  2,2-dimethoxy-2-phenylacetophenone (DMPA), sodium 
chloride (NaCl), and sodium bicarbonate (NaHCO3) were purchased from Sigma-Aldrich 
(Milwaukee, WI).  De-ionized (DI) water (18.2 MΩ cm, 1.2 ppb total organic carbon) 
was produced by a Millipore Milli-Q Advantage A10 water purification system (Millipore 
Corporation, Bedford, MA).  All chemicals were used as received. 
Free-standing XL(AMPS-PEGDA) films were prepared from a pre-polymerization 
mixture by free radical UV-photopolymerization as shown in Figure 3.1 (a) [1-4].  The 
pre-polymerization mixture contained PEGDA, AMPS, DMPA, and solvent [water, and in 
some cases, methanol (MeOH)].  Table 3.1 summarizes various polymer composition 
information.  The DMPA content was 0.1 wt% (based on the total weight of PEGDA and 
AMPS), consistent with our prior studies [5, 6].  The solvent content was set to 25 wt% 
(based on the total solution weight), which allowed AMPS to dissolve in all pre-
polymerization solutions considered.  Samples were named based on n and the IEC values 
of the samples.  For example, sample 13-0 denotes an uncharged membrane (IEC = 0 
meq/g) cross-linked with PEGDA of n = 13.  Sample 10-0.44 represents a membrane 
cross-linked with PEGDA of n = 10 having an IEC of 0.44 meq/g.  At a given n value, by 
adjusting the ratio of PEGDA to AMPS, theoretical IEC values ranging from 0 to 2.18 were 
obtained.  The same conditions were used to synthesize polymers with n = 13 and n = 10 
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[7].  Before polymerization, AMPS was dissolved in water after stirring for 10 min in a 
glass jar.  Then, PEGDA and DMPA were added to the mixture.  All reagents were 
mixed using a stirrer (Isotemp® S88854200, Fisher Scientific, Hampton, NH) at 1000 rpm 
for about 30 min, after which the solution was transparent and visually homogeneous.  
Then, the mixture was stirred at 150 rpm for about one hr to eliminate air bubbles.  During 
this process, the glass jar was wrapped with aluminum foil to minimize photoinitiation due 
to exposure to ambient light.   
Table 3.1 also shows the polymer composition for homopolymers XLPEGDA 
(film) and PAMPS (liquid).  They were prepared using the same procedure discussed 
above via the scheme shown in Figure 3.1 (b) and (c).  Preparation of the pre-
polymerization mixtures prepared with n = 4 is described below.   
For polymers having IEC values of 0.97 to 2.18 meq/g at n = 4, AMPS was first 
dissolved in water while stirring for 30 min.  PEGDA and DMPA were then added to the 
solution and stirred at 1000 rpm for 3.5 hrs to fully dissolve the DMPA.  The mixture was 
stirred at 150 rpm for another hour to become homogeneous.  At IEC values of 0 to 0.44 
meq/g for n = 4, water/methanol (60/40, v/v) mixtures were used as the pre-polymerization 
solvent, since PEGDA of n = 4 barely dissolves in water.   
A plastic pipette was used to transfer a fixed volume (2-3 ml) of the pre-
polymerization mixture to a leveled square quartz plate [CGQ-0620-14, 4 in × 4 in × 
1/8 in thick (10 cm × 10 cm × 0.3 cm thick), Chemglass, Vineland, NJ] in the center of 
a microprocessor-controlled UV cross-linker (SpectrolineTM, Spectronics Corporation, 
Westbury, NY).  Then, a round quartz plate [4 in diameter ×  1/8 in thick (10 cm 
diameter × 0.3 cm thick), Chemglass] was carefully placed on top of the mixture.  Four 
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feeler gauges (Precision Brand 19740, Downers Grove, IL) were placed at the edges 
between the plates to control membrane thickness (e.g., 203 or 508 μm).  This assembly 
was then irradiated with UV-light (312 nm wavelength) for three mins at 3.0 mW/cm2.  
The liquid mixture was converted to a transparent solid hydrogel film for the homopolymer 
XLPEGDA and copolymer XL(AMPS-PEGDA).  Afterwards, the film was removed 
from the quartz plate and cut into circular coupons with diameters ranging from 1.6 to 5 
cm.  All films from each batch were then soaked in DI water (750 ml) for one day.  The 
water was changed three times to extract any residual components not bound to the 
network.  Wet films were first dried at ambient conditions overnight to minimize film 
cracking as water naturally evaporates out of the films.  Then, films were dried under full 
vacuum at 50 ℃ for three days prior to FTIR, thermal, density, and mechanical analysis.  
After polymerization, the homopolymer PAMPS dissolved in water maintained a clear, 
transparent liquid form.  Following the same drying process discussed above, the PAMPS 
liquid turned into a white powder.  
Polymer gel fraction was nearly 100% after the water extraction process [7, 8].  
All pre-polymerization solutions were transparent, as were most of the dry and hydrated 
polymers, suggesting that the materials are homogeneous.  One exception is the 
XLPEGDA sample prepared from n = 4, which exhibits cloudiness following the UV 









Figure 3.1  Preparation of UV cross-linked: (a) XL(AMPS-PEGDA) membranes, (b) 




Table 3.1   Composition of pre-polymerization mixtures.  
Sample 
IEC a  
[meq/g (dry polymer)] 












13-0 0 0 15.0 - 0.0200 5.00 
- 
13-0.33 0.33 7 17.0 1.0 0.0180 6.00 
- 
13-0.44 0.44 9 15.0 1.5 0.0165 5.50 
- 
13-0.97 0.97 20 12.0 3.0 0.0150 5.00 
- 
13-1.40 1.40 29 12.3 5.0 0.0173 5.77 
- 
13-1.46 1.46 30 11.5 5.0 0.0165 5.50 
- 
13-1.93 1.93 40 9.00 6.0 0.0150 5.00 
- 
        
10-0 0 0 15.0 - 0.0200 5.00 
- 
10-0.44 0.44 9 15.0 1.5 0.0165 5.50 
- 
10-0.97 0.97 20 12.0 3.0 0.0150 5.00 
- 
10-1.46 1.46 30 11.5 5.0 0.0165 5.50 
- 
10-1.93 1.93 40 9.00 6.0 0.0150 5.00 
- 
        
4-0 0 0 15.0 - 0.0200 3.00 2.00 
4-0.44 0.44 9 15.0 1.5 0.0165 3.30 2.20 
4-0.97 0.97 20 12.0 3.0 0.0150 5.00 
- 
4-1.46 1.46 30 11.5 5.0 0.0165 5.50 
- 
4-1.93 1.93 40 9.00 6.0 0.0150 5.00 
- 
4-2.18 2.18 45 9.76 8.0 0.0178 5.92 
- 
PAMPS - 100 - 15.0 0.0200 5.00 
 
a Theoretical IEC values of the acid form (H+) XL(AMPS-PEGDA) films were determined as 
milliequivalents of AMPS/(wt of AMPS + wt of PEGDA) [meq/g (dry polymer)] [7].   
b wt% AMPS = wt of AMPS/(wt of AMPS + wt of PEGDA)                 
         
XL(AMPS-PEGDA) films were converted to their salt form prior to water and ion 
sorption measurements.  The films were initially immersed in a 5 M NaCl solution (1 L) 
for two days.  The solution was changed three times daily, and the films were then 
transferred to a 1 M NaHCO3 solution (1 L, prepared from NaHCO3 powder and DI water) 
for 1-2 days to completely convert the acid form polymers to their sodium form [10].  
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During this process, sodium ions exchange with the protons initially associated with the 
fixed sulfonate groups on the polymer backbone [11].  Protons released by the films 
combined with bicarbonate groups in the solution and formed CO2 bubbles accumulating 
on the surface of the films [12].  NaHCO3 solution was changed three times a day until 
effervescence ceased.  Then the films were rinsed in DI water (1 L) for 2-3 hrs to extract 
any residual salt solution (i.e., mobile salt) in the film.  This rinsing process continued 
until the conductivity of the rinsing solution remained constant at ~ 0.75 μS/cm, which is 
the conductivity of DI water equilibrated with the carbon dioxide in ambient air [13].  The 
conductivity was measured using a conductivity meter (InoLab Cond 730, WTW, 
Germany).  Basic membrane properties are summarized in Table 3.2.   
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Table 3.2   Polymer theoretical cross-linking density, density, water uptake, water 






















13-0 1.186 3.39 0.787 ± 0.014 0.483 ± 0.002 0 
13-0.33 1.210 f 3.27 0.946 ± 0.007 0.534 ± 0.002 0.349 ± 0.002 
13-0.44 1.223 3.18 0.989 ± 0.012 0.547 ± 0.003 0.444 ± 0.005 
13-0.97 1.257 2.87 1.179 ± 0.009 0.597 ± 0.002 0.818 ± 0.006 
13-1.40 1.287 2.61 1.346 ± 0.006 0.634 ± 0.002 1.036 ± 0.005 
13-1.46 1.292 2.57 1.385 ± 0.014 0.641 ± 0.002 1.056 ± 0.011 
13-1.93 1.320 2.26 1.577 ± 0.012 0.676 ± 0.002 1.224 ± 0.009 
      
10-0 1.205 4.19 0.581 ± 0.006 0.411 ± 0.004 0 
10-0.01 1.210 4.19 0.593 ± 0.014 0.418 ± 0.006 (1.69 ± 0.04)×10-2 
10-0.05 1.213 4.18 0.619 ± 0.003 0.429 ± 0.003 (8.40 ± 0.05)×10-2 
10-0.13 1.218 4.12 0.645 ± 0.004 0.440 ± 0.002 0.208 ± 0.005 
10-0.44 1.242 3.93 0.764 ± 0.009 0.487 ± 0.003 0.575 ± 0.007 
10-0.97 1.284 3.57 0.936 ± 0.014 0.546 ± 0.004 1.031 ± 0.015 
10-1.46 1.307 3.17 1.110 ± 0.024 0.593 ± 0.005 1.318 ± 0.029 
10-1.93 1.329 2.77 1.300 ± 0.018 0.633 ± 0.003 1.485 ± 0.021 
      
4-0 1.264 8.37 0.230 ± 0.005 0.226 ± 0.004 0 
4-0.44 1.288 7.75 0.423 ± 0.007 0.353 ± 0.004 1.037 ± 0.017 
4-0.97 1.302 6.90 0.577 ± 0.008 0.429 ± 0.003 1.672 ± 0.023 
4-1.46 1.326 6.12 0.713 ± 0.006 0.486 ± 0.002 2.051 ± 0.017 
4-1.93 1.350 5.36 0.882 ± 0.010 0.544 ± 0.003 2.189 ± 0.025 
4-2.18 1.362 4.96 0.934 ± 0.010 0.560 ± 0.003 2.329 ± 0.025 
a The dry polymer density was determined using Eqn. (3.1).   
b The theoretical cross-link density was estimated via Eqn. (3.3).   
c The pure water uptake was measured gravimetrically [cf. Eqn. (3.4)].   
d The volume fraction of water in the swollen membrane was calculated using theoretical IEC and 
dry polymer density via Eqn. (3.5).   
e The fixed charge concentration was computed based on theoretical IEC and pure water uptake 
results using Eqn. (3.9).   
f The measured XL(AMPS-PEGDA) films are in sodium form (Na+).   
3.2 ATR-FTIR 
Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR, 
Thermo Nicolet Nexus 470, Madison, WI) was performed to characterize the chemical 
structure of the films.  Spectra were acquired by accumulating 256 scans at a resolution 
of 4 cm-1.  
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3.3 THERMAL ANALYSIS 
Thermal analyses of the polymers were conducted using both thermogravimetric 
analysis (TGA, Q500, TA instruments, New Castle, DE) and differential scanning 
calorimetry (DSC, Q100, TA instruments, New Castle, DE).  All XLPEGDA, PAMPS, 
and acid form XL(AMPS-PEGDA) samples were dried under vacuum at 50 ℃ for three 
days before the tests.  The TGA instrument was purged with N2 (UHP 99.999%, Air Gas, 
Austin, TX) over the balance at 40 mL/min and over the sample at 60 mL/min.  A dry 
sample of 5 to 7 mg was initially kept at 60 ℃ isothermally for one hour to evaporate as 
much residual moisture as possible.  Then the TGA scan was performed at 10 ℃/min 
between 60 ℃ and 800 ℃.  The onset of the sample’s degradation temperature was used 
to help set measurement conditions for DSC measurements.   
DSC measurements were conducted with a N2 (UHP 99.999%) purge flowrate of 
50 mL/min.  Approximately 4 to 6 mg of dry sample was sealed in an aluminum pan.  
Samples were initially heated to 160 ℃ and held at this temperature for 10 min to remove 
moisture and erase any thermal history.  DSC scans were then performed between -90 ℃ 
and 160 ℃  at a heating rate of 20 ℃/min for two repeated cycles.  At the end of each 
cycle, samples were held isothermally (at -90 ℃ or 160 ℃) for 10 min.  The glass 
transition temperature, 𝑇𝑔, was assigned as the midpoint of the step change in heat capacity 
observed during the second heating cycle.  
3.4 DENSITY AND MECHANICAL ANALYSIS 
The dry polymer density was determined by hydrostatic weighing using a Mettler 
Toledo analytical balance (AG204, Switzerland) and a density determination kit (# 








where 𝑚𝑑 and 𝑚𝑙 are the dry film weights in air and in an auxiliary liquid (i.e., non-
solvent), respectively, and 𝜌𝑙 is the density of the auxiliary liquid.  Heptane was selected 
as the auxiliary liquid because the polymer samples show negligible uptake of it over the 
duration of the density measurements.   
The dynamic mechanical analysis (DMA, Q800, TA instruments, New Castle, DE) 
of a dry rectangular sample (18 mm × 6 mm × 0.5 mm) was performed under a N2 (UHP 
99.999%) atmosphere.  The sample was heated from -90 ℃  to 160 ℃   using a 
temperature sweep at 1 ℃/min with a test frequency of 1 Hz.  Storage modulus (𝐸′), 
loss modulus (𝐸′′ ), and loss tangent (tan 𝛿 ) were recorded.  The peak of the tan 𝛿 -
temperature curve was considered as the 𝑇𝑔.   
The crosslink density was estimated from the DMA scans.  The storage modulus, 
𝐸′, reached a rubbery plateau at temperatures above the glass transition temperature (𝑇𝑔 +
30~60℃) [14, 15].  Based on Flory’s rubber elasticity theory [16], the following equation 





where 𝐸𝑟 is the apparent rubbery modulus at 30℃ above 𝑇𝑔 (𝑇 = 𝑇𝑔 + 30℃), and 𝑅 
is the gas constant.   
The cross-linking density was also estimated from the theoretical number of 
network junctions assuming every vinyl group in the cross-linker reacts and engages in 
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cross-linkages without self loops and free chain ends [18].  The following equation was 
used to determine the theoretical cross-linking density, 𝑣𝑡 [5, 18]: 
 





where 𝑐 is the molar concentration of vinyl groups in the cross-linker per unit volume of 
the dry polymer (mol/cm3), 2 indicates every cross-linker has two vinyl groups, 𝑚𝑐 is the 
cross-linker weight, and 𝑀𝑛 is the molecular weight of the cross-linker [18].   
3.5 WATER SORPTION 
Equilibrium water uptake was determined gravimetrically [4, 19].  The 
XLPEGDA and the sodium form XL(PEGDA-AMPS) films were soaked in DI water and 
aqueous NaCl solutions (100ml, 0.01-1 M) at ambient conditions.  When a wet film was 
removed from the external solution, water on its surface was quickly and carefully wiped 
off using KimwipesTM (Delicate Task Wipes, Kimberly-Clark, Roswell, GA).  The wet 
mass of the film, 𝑚𝑤𝑒𝑡 , was measured using an analytical balance (PB503-S/FACT, 
Mettler Toledo, Columbus, OH).  Generally, 𝑚𝑤𝑒𝑡 stabilized after no more than 24 hr 
of soaking in external solutions.  The dry mass of the film, 𝑚𝑑𝑟𝑦, was determined after 
drying under vacuum at 50 ℃.  Generally, the dry mass reached a constant value after 24 
hr of drying for samples having a diameter of 2.5 cm and a thickness of 500 um.  The 









After equilibration in each solution, the swollen membrane thickness was measured 
at five positions across the film surface using a low force digital micrometer (LiteMatrix 
VL-50A, Mitutoyo Corporation, Japan), and the film area was determined by analyzing a 
scanned image of the film using ImageJ software.  The water volume fraction in the 







where 𝜌𝑤 was taken as the density of water in aqueous solution (1.0 g/cm
3) [4, 5, 20].  
The volume of the hydrated film , 𝑉𝑝 , was determined from the measured membrane 
thickness and area.  The volume of fully hydrated films used in this study ranged from 
0.1 to 0.5 cm3.  Following each measurement, the film was immediately returned to its 
solution to minimize any contamination. 
3.6 CHLORIDE ION SORPTION 
Films of XLPEGDA and the sodium form XL(AMPS-PEGDA) were first 
immersed in NaCl solution (100 ml) for one day in a plastic bottle.  The NaCl solution 
was changed three times to maintain its desired concentration, which ranged from 0.01 to 
1.0 mol/L [19, 21].  The measured ion sorption results were independent of the soaking 
time after 24 hr of equilibration in the NaCl solution.     
Sorbed chloride ion (Cl-) concentration in XLPEGDA and XL(AMPS-PEGDA) 
films was determined using a desorption method [21-25].  Presumably, Cl- desorbs in the 
form of NaCl.  Following the sorption process, surface water on a film was carefully 
wiped off, and the film was immediately immersed in DI water in a plastic bottle.  The 
volume (25-750 ml), 𝑉𝑑 , of the DI water was selected to ensure that the chloride 
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concentration in the desorption solution, 𝐶𝐶𝑙−
𝑑 , was above 0.06 mg (NaCl)/L to eliminate 
any impact of potential salt contamination from the laboratory environment.  𝐶𝐶𝑙−
𝑑  was 
controlled to be below 1 mg (NaCl)/L, to drive the desorption process to completion.  All 
equipment contacting the film and/or desorption solution were thoroughly washed with DI 
water to be as free of ions as possible.  
The Cl- concentration in the membrane, 𝐶𝐶𝑙−
𝑚,𝑝
, was determined from the Cl- 
concentration in the desorption solution, 𝐶𝐶𝑙−
𝑑 , measured by an ion chromatograph (IC) 









 has units of moles of Cl- per unit volume of water sorbed in the swollen 
polymer [mol/L (water sorbed)], 𝑉𝑑 is the volume of the desorption solution, and 𝑉𝑝 is 
the volume of swollen polymer. 
3.7 SODIUM ION SORPTION 
The concentration of sodium ions (Na+) in uncharged membranes was determined 
by the desorption method discussed above [21].  The Na+ concentration was measured 
using flame atomic absorption (Flame AA) spectrophotometry (Varian AA240, Clayton 
South, Victoria, Australia) [21].  To perform accurate elemental analysis, the desorption 
solution for XLPEGDA was diluted with a 2% (v/v) nitric acid solution (HNO3, ≥ 
99.999% trace metals basis, Sigma-Aldrich) to a concentration of 0.5~1.0 mg (Na)/L.  
The Na+ concentration in the diluted desorption solution, 𝐶𝑁𝑎+
𝑑 , was used to calculate the 
Na+ concentration in hydrated uncharged XLPEGDA films, 𝐶
𝑁𝑎+
𝑚,𝑝












 has units of mol (Na+)/L (water sorbed), and 𝑥 is the number of times the 
desorption solution was diluted.  𝐶
𝑁𝑎+
𝑚,𝑝
 was found to be essentially equal to 𝐶𝐶𝑙−
𝑚,𝑝
, as 
expected [21].   
For a sulfonated polymer desorbed in water, H+ dissociated from the carbonic acid 
present in water (due to uptake of CO2 from the atmosphere) can ion exchange with Na
+ 
associated with the sulfonate groups on the polymer backbone [26].  Therefore, the sorbed 
Na+ concentration in more highly charged membranes (i.e., IEC > 0.44 meq/g) was 
determined by an ashing method [21].  After the sorption process, XL(AMPS-PEGDA) 
films (i.e., diameter of 2.2 cm, thickness of 500 μm) were dried under vacuum at 50 ℃ for 
one day [21].  Each dry film was then immediately placed in a 30 ml porcelain crucible 
(wide-form, FB-965-K, Fisher Scientific) which was put in a furnace (Isotemp® 750-58, 
Fisher Scientific) to minimize any water sorption from the atmosphere.  The crucible was 
rinsed with the 2% (v/v) nitric acid solution and DI water three times, respectively, and 
dried before adding the film to the crucible.  To get a good ashing result, the crucible was 
positioned close to the furnace wall where the heating element was located.  The ashing 
process was performed by heating the sample to 700 ℃ at 10 ℃/min [21, 27].  Air was 
blown into the furnace using a fan to ensure sufficient exposure of the samples to air.  
After the ashing process, the residual ash left in the crucible retained the circular shape of 
the dry films.  This white ash contained essentially all of the sodium ions [26].  The ash 
was readily dissolved in a 2% (v/v) HNO3 solution (15 ml).  This solution was transferred 
to a clean vial (05-538-59A, Fisher Scientific) for further dilution after the dissolved ash 
34 
 
solution was fully mixed.  The Na+ concentration of the diluted ash solution was analyzed 
by Flame AA.  
However, the residual white ash of less charged membranes (i.e., IEC < 0.44 meq/g) 
after the ashing process can barely maintain a circular shape.  Some of them appeared to 
be fused to the crucible.  Therefore, the sorbed Na+ concentration in these membranes 
was determined by an ion exchange method using another electrolyte (i.e., CsCl) [28].  
Following the sorption process, the films were soaked in a 0.01 M CsCl solution (100 ml) 
for one day.  Cesium ion (Cs+), which is more selective in a CEM than Na+, presumably 
replaced all the Na+ in the membrane and associated with the sulfonate groups on the 
polymer backbone [11].  The CsCl solution was then diluted with a 2% (v/v) HNO3 
solution and the desorbed Na+ concentration was measured by Flame AA. 
The sorbed Na+ concentration in hydrated charged XL(AMPS-PEGDA) films, 
𝐶𝑁𝑎+







where the units of 𝐶
𝑁𝑎+
𝑚,𝑝
 are mol/L (water sorbed), 𝑉𝑎 is the volume of the dissolved ash 
solution or the CsCl solution, 𝐶𝑁𝑎+
𝑎  is the sodium ion concentration in the dissolved ash 










Eqn. (2.16).  𝐶𝑁𝑎+
𝑚,𝑤
 is expected to be equal to the summation of the fixed charge 
concentration, 𝐶𝐴
𝑚,𝑤
, and the chloride ion concentration, 𝐶𝐶𝑙−
𝑚,𝑤
, in hydrated sulfonated 
films [cf. Eqn. (2.4)] [29].   
𝐶𝐴
𝑚,𝑤, the sample charge density, was calculated from the membrane’s theoretical 










 has units of [mol/L (water sorbed)], and 𝜌𝑤 was taken as 1.0 g/cm
3.  When 
a CEM is equilibrated with a 0.01 M NaCl solution, very little Cl- can sorb into the 
membrane due to the strong Donnan exclusion of co-ions (Cl-) (𝐶𝐶𝑙−
𝑚,𝑤
 is often orders of 
magnitude smaller than 𝐶𝐴
𝑚,𝑤
) [21, 28].  Thus, 𝐶𝐴






, cf. Eqn. (2.4)] [28].  As shown in Table 
2, the calculated 𝐶𝐴
𝑚,𝑤
 values via Eqn. (3.9) were found to be essentially equal to the 
measured 𝐶𝑁𝑎+
𝑚,𝑤
 values at 0.01 M NaCl [i.e., Eqn. (3.7) and (3.8)] within experimental 
uncertainty.  Therefore, 𝐶𝐴
𝑚,𝑤 estimated from Eqn. (3.9) was used throughout this study 
due to experimental simplicity.  
3.8 SALT PERMEABILITY 
Prior to salt permeaiblity test, films of XLPEGDA and Na+ form XL(AMPS-
PEGDA) were equilibrated with DI water for at least one day.  Then, a film was clamped 
between a pair of jacketed glass diffusion cells (custom-made, PermeGear Side-bi-Side, 
Hellertown, PA) [4, 19].  The donor (upstream) and receiver (downstream) cells were 
filled with NaCl solution at desired concentrations (i.e., 0.01-1 M) and DI water of equal 
volumes, respectively.  The solutions in both cells were vigorously stirred, and the 
temperature was maintained at 25 ± 0.1 ℃.  Conductivity change in the downstream 
solution with respect to time was monitored by a conductivity meter (WTW inoLab 
Cond730, Woburn, MA).  The downstream salt concentration was computed from 
conductivity data using a pre-determined calibration curve.  At pseudo-steady state, the 
integral salt permeability can be determined using the following expression [4, 19]: 
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) 𝑡 (3.10) 
where 𝐶𝑠0
𝑠 [0] is the initial upstream salt concentration, 𝐶𝑠𝑙
𝑠 [𝑡] is the downstream salt 
concentration at time 𝑡.  𝐴 is the active sample area exposed to solutions (1.77 cm2), 𝑉 
is the liquid volume in both cells (35 mL), and 𝐿 is the membrane thickness measured 
right after the experiment. 
Recently, dissolution of CO2 in solution was found to elevate the downstream 
conductivity and cause the measured salt permeability coefficient to be higher than the true 
value [26].  Such interference is more pronounced when salt permeation tests are 
performed with highly charged membranes at low upstream salt concentrations such as 
0.01 M [26].  To address this issue for more highly charged membranes (e.g., IEC of 0.44-
1.93 meq/g) used in this study, an ultra-high purity N2 (Airgas, Austin, TX) was bubbled 
through the upstream (i.e., 0.01 M NaCl) and downstream solutions before and during the 
experiments.  This strategy can mitigate the effect of CO2 on salt permeability results 
measured at low upstream solution concentrations, as reported elsewhere [26]. 
3.9 OSMOTIC WATER PERMEABILITY 
Water flux, driven by an osmotic pressure difference across the membrane during 
the salt permeability test, was measured using a pair of plastic diffusion cells, as described 
elsewhere [30].  Following the water equilibration process, sample films were clamped 
between two cell chambers.  The upstream and downstream solutions were NaCl solution 
(1 M) and DI water of equal volumes (200 mL), respectively.  Care was taken to ensure 
no air bubbles were trapped between the solution and cell wall [30].  Then, two capillary 
tubes were screwed on top of each cell.  The tubes were filled with the same solution as 
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their respective cell.  At pseudo-steady state, the decrease of the solution level in the 
downstream tube (or the solution level increase in the upstream tube) was recorded as a 








where 𝐿 is the membrane thickness determined following the test, 𝐴 is the effective 
membrane area in contact with solutions (1.767 cm2), 𝜌𝑤 is the density of water (1 g/mL), 
and ∆𝑝  is the hydrostatic pressure difference applied on the membrane (= 0 in this 
experiment).  ∆𝜋  is the osmotic pressure difference across the membrane, where the 
osmotic pressure on the water side is considered zero (due to its relatively low salt 
concentration during the experiment) and that of the 1 M NaCl side is estimated from the 
Pitzer model [31]. 
3.10 MEMBRANE RESISTANCE/IONIC CONDUCTIVITY 
Membrane electrical resistance was measured using an Electrochemical Impedance 
Spectroscopy (EIS) system (1287A, 1260A, Solartron, Ameteck Scientific Instruments, 
Berwyn, PA), as described elsewhere [32].  Prior to the test, films of XLPEGDA and 
sodium form XL(AMPS-PEGDA) were equilibrated in NaCl solution (100ml, 0.01-1 M) 
for one day.  Membrane resistance of the uncharged and weakly charged films (i.e., IEC 
of 0-0.13 meq/g) were determined using a difference method, as described elsewhere [32].  
Films were sandwiched between two plastic half cells (kindly provided by Calera 
Corporation, Los Gatos, CA), which were equipped with electrodes made of platinum.  
The cells were connected to a jacketed beaker containing about 200 mL of feed solution 
38 
 
(i.e., NaCl solution having the same concentration with the equilibration solution), the 
temperature of which was kept at 25 ± 0.1 ℃.  Then, feed solution was pumped through 
the cell chambers using a peristaltic pump (150 mL/min, Masterflex 7528-10, 77292-50).  
In the measurements conducted at high salt concentrations (0.1-1 M), DC current of 5 mA 
and AC current of 1 mA were used [32].  At lower salt concentrations (0.01-0.03 M), AC 
current of 0.3 mA was used [32].  The frequency sweep was between 40 and 0.5 kHz, and 
the step interval for frequency change was 10 Hz.  The total resistance (i.e., membrane + 
solution resistance), 𝑅𝑚+𝑠, and solution resistance (i.e., blank cell), 𝑅𝑠, were recorded, 
and the membrane resistance, 𝑅𝑚, is given by [32]: 
 𝑅𝑚 = 𝑅𝑚+𝑠 − 𝑅𝑠 (3.12) 
In uncharged and weakly charged membranes, 𝑅𝑚+𝑠, was 2-10 times higher than 𝑅𝑠 over 
the entire range of salt concentrations considered.  This large difference ensures the 
subtracted 𝑅𝑚  value is less susceptible to the experimental errors (< 3%) involved in 






where 𝐿 is the membrane thickness measured after the experiment, and 𝐴 is the area of 
the electrodes in contact with cell solutions (3.81 cm2). 
For more highly charged membranes (i.e., IEC of 0.44-1.93 meq/g), the difference 
between 𝑅𝑚+𝑠 and 𝑅𝑠 is small, so a recently developed direct contact method was used 
to measure the resistance of these membranes [32].  Following the equilibration process 
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in NaCl solution, a sample was quickly dipped into 3 M NaCl solution (~1 sec) to rinse off 
the dilute equilibration solution (i.e., 0.01-1 M) left on membrane surface.  The resistance 
results change little as the dipping concentration increases from 3 to 5 M (cf. Supporting 
Information).  Above 3 M, the hydrogel films used in this study could easily break due to 
the sudden de-swelling caused by the elevated concentration of the solution surrounding 
the membrane.  Then, the film was clamped between two electrodes.  The frequency 
range was 40-1 kHz with a DC current of 5 mA and AC current of 1 mA [32].  Membrane 
ionic conductivity results for XLPEGDA measured using the difference method and direct 
contact method were equivalent within the experimental uncertainty (cf. Supporting 
Information). 
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Chapter 4:  Water and Ion Sorption in a Series of Cross-linked 
AMPS/PEGDA Hydrogel Membranes1 
4.1 INTRODUCTION 
Water and energy are highly interrelated resources [1].  There is a great need to 
develop energy-efficient techniques to produce fresh water and generate sustainable energy 
[2].  Polymeric ion exchange membranes (IEMs) are used in water purification [e.g., 
electrodialysis (ED)] [3, 4] and energy generation [e.g., fuel cells, reverse electrodialysis 
(RED)] applications [5-9].  IEMs are also being explored for other membrane-based 
techniques, such as reverse osmosis (RO) [1, 10, 11], pressure-retarded osmosis (PRO) [12, 
13], and membrane-assisted capacitive deionization (CDI) [14, 15].  Membrane 
performance (e.g., conductivity and permeability) in these applications is sensitive to 
membrane transport (water/ion sorption and diffusion) characteristics.  However, much 
remains unknown about the influence of polymer membrane architecture on water and ion 
transport properties critical to high performance membranes [1]. 
IEMs often consist of a cross-linked hydrocarbon matrix to which ionizable acidic 
or basic groups are attached [16].  These charged functional groups can be introduced to 
the polymer backbone by, for example, copolymerizing functionalized monomers [16].  
Strong acidic or basic groups (e.g., -SO3H, -R3NH) can solvate and ionize completely in 
contact with aqueous solutions [16].  To maintain electroneutrality, the charge on the 
functional groups (e.g., -SO3
-, -R3N
+) must be balanced by ions bearing an opposite charge, 
                                                 
1 This chapter has been adapted from:  Yan, N., Paul, D.R., Freeman, B.D., Water and ion sorption in a 
series of cross-linked AMPS/PEGDA hydrogel membranes (in preparation).  Yan, N. made the major 
contributions to this chapter. 
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which are termed counter-ions.  Ions bearing the same charge as the functional group are 
called co-ions.  Negatively charged membranes are cation exchange membranes (CEMs), 
and positively charged membranes are anion exchange membranes (AEMs).   
To quantify charge density in IEMs, ion exchange capacity (IEC), defined as 
milliequivalents of fixed charges based on dry polymer weight [meq/g (dry polymer)], can 
be readily computed from polymer composition [17].  However, the molar concentration 
of fixed charges or ions based on the volume of sorbed water [mol/L (water sorbed)] is the 
relevant charge density experienced by ions sorbing into IEMs [16-18].  In this study, IEC 
is used to label samples, and charge density is used to interpret ion sorption results. 
An important feature of IEMs is co-ion exclusion [19-34].  When a water-
equilibrated CEM is immersed in a dilute electrolyte solution (e.g., NaCl),  a so-called 
Donnan potential builds up at the membrane/solution boundary, and it acts to retain 
counter-ions in the membrane and exclude co-ions in the solution from entering the 
membrane [16, 18, 34].  The Donnan potential is dependent on the counter-ion 
concentration difference between the membrane and solution phases [16].  As the external 
electrolyte solution concentration decreases or the membrane charge density increases, the 
Donnan potential and the co-ion exclusion effect become stronger [16, 17].   
Water sorption is another important characteristic of IEMs and is highly correlated 
with ion transport [16, 35].  Typically, ions sorb into and transport across a membrane 
together with some water [36].  Membranes with higher water content generally have 
higher ion sorption and diffusion rates [37, 38]. 
Systematic studies of the influence of polymer structure and external electrolyte 
solution concentration on water and ion sorption are not widely available.  Earlier studies 
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often focused on highly charged membranes having IEC values of 1-10 meq/g [9], which 
inhibits developing a complete fundamental understanding of water and ion sorption in 
charged materials, due to limited data for weakly charged IEMs (IEC < 1 meq/g).   
Quantitative experimental co-ion sorption results typically deviate from theoretical 
predictions due to thermodynamic non-idealities in the membrane and solution phases [18, 
23, 39, 40].  Ion activity coefficients in aqueous electrolyte solutions are well documented 
[41].  However, there is a lack of experimental or fundamental theoretical values of ion 
activity coefficients in IEMs [42, 43].  Measuring the content of water and ions in a 
membrane as a function of external electrolyte solution concentration allows computation 
of membrane ion activity coefficients [16].  In this study, analysis of the influence of IEC 
and external electrolyte solution concentration on membrane water uptake, fixed charge 
concentration, ion sorption, and ion activity coefficients will be discussed.   
4.2 RESULTS AND DISCUSSION 
4.2.1 Hydrogel Synthesis 
Both pre-polymerization mixtures and their resulting hydrogel films, following UV 
irradiation, were transparent, suggesting that the films were relatively homogeneous.  
PEGDA and AMPS have similar reactivity ratios, which favors formation of a random 
cross-linked network [70].  The gel fraction provides an estimate of the percentage of 
monomers not attached to the network.  After five days of soaking in DI water, which was 
changed periodically, the sample film was dried and weighed.  The mass of the dry film 
was about 99% of the combined mass of PEGDA and AMPS added for polymerization, 
indicating essentially complete monomer incorporation into the network [50, 51].   
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After photopolymerization, there could be ‘dangling’ cross-linker units with one 
double bond end attached to the network, and the other unable to reach an appropriate 
position for attachment to the network [60].  Such unreacted corsslinker ends cannot be 
detected by gel fraction measurements.  In the FTIR spectra of the copolymers, the 
disappearance of double bonds indicates essentially complete acrylate group conversion 
[cf. Figure A.1 (a) and (b)].  Polymer structure was confirmed by the FTIR spectra and is 
independent of membrane thickness [cf. Figure A.1 (c) and (d)].  The 𝑇𝑔 s of the 
copolymers determined by DSC (cf. Figure A.3) and DMA (cf. Figure A.4) were found to 
depend on the polymer composition (cf. Table A.1), and the 𝑇𝑔 s of the component 
homopolymers obeyed the rule of mixtures (cf. Figure A.5) [31].  The DMA tan 𝛿 -
temperature curves (cf. Figure A.4) of the copolymers always show a single peak, 
consistent with the samples not having substantial blocking. 
4.2.2 Water Uptake 
As shown in Figure 4.1 (a), water uptake increases by roughly a factor of 2 over the 
entire range of IEC values.  An increase in the mass fraction of ionogenic groups in the 
polymer is often accompanied by a reduction in the degree of cross-linking (fewer cross-
linkers) [1, 5, 32-37].  Table 3.2 and Table 4.1 summarizes basic properties of the 
polymers considered in this study, including dry polymer density, theoretical cross-link 
density, pure water uptake, and fixed charge concentration.  As IEC (meq/g) increases 
from 0 to 1.93, the theoretical cross-link density, 𝑣𝑡 , decreases by about 34% and the 
effective cross-link density, 𝑣𝑒, decreases by about 13%.  The reduced cross-link density 
and introduction of more highly hydrophilic ionogenic groups both may contributed to the 
observed  increase in water uptake as IEC increases [60]. 
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Figure 4.1  The dependence of: (a) water uptake on IEC, (b) fixed charge concentration 
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 Table 4.1   Properties of polymers prepared with PEGDA of n = 10. 
a Theoretical IEC values are determined from polymer chemistry.   
b The XL(AMPS-PEGDA) films are in acid form.   
c The dry polymer density of the XLPEGDA film is consistent with literature values [38].   
d The effective cross-linking density was estimated from DMA scans via Eqn. (3.2).   
e The XL(AMPS-PEGDA) films are in sodium form.   
f The fixed charge concentration was calculated from the theoretical IEC values and water uptake 
via Eqn. (2.9).   
g The sorbed Na+ concentration was measured in the hydrated films equilibrated in 0.01 M NaCl 
solution via Eqn. (3.7) and (3.8). 
 
Fixed charge concentration, defined as the molar concentration of fixed charges per 
unit volume of sorbed water, depends on IEC and water uptake as shown in Eqn. (3.9).  
Figure 4.1 (b) and (c) show 𝐶𝐴
𝑚 increases as IEC and water uptake increase.  However, 
the increase in 𝐶𝐴
𝑚 is non-linear especially in more highly charged samples, which can be 
ascribed to the water dilution effect discussed above.   
Figure 4.2 shows the influence of external NaCl concentration on water uptake and 
fixed charge concentration.  As shown in Figure 4.2 (a), the membranes sorb less water 
when equilibrated in solutions of higher external NaCl concentration, 𝐶𝑠
𝑠, due to osmotic 














[g (water)/g (dry polymer)] 
𝑪𝑨
𝒎,𝒘 f 
[mol/L (water sorbed)] 
𝑪𝑵𝒂+
𝒎,𝒘  g 
[mol/L (water sorbed)] 
0 1.205 c 1.95  c 0.581 ± 0.006   
0.01 1.210 1.95 0.593 ± 0.014 (1.69 ± 0.04)×10-2 (1.76 ± 0.05)×10-2 
0.05 1.212 1.95 0.619 ± 0.003 (8.40 ± 0.05)×10-2 (8.49 ± 0.05)×10-2 
0.13 1.216 1.94 0.645 ± 0.004 0.208 ± 0.005 0.200 ± 0.020 
0.44 1.229 1.93 0.764 ± 0.009 0.575 ± 0.007 0.578 ± 0.033 
0.97 1.260 1.91 0.936 ± 0.014 1.031 ± 0.015 1.037 ± 0.017 
1.46 1.282 1.89 1.110 ± 0.024 1.318 ± 0.029 1.281 ± 0.083 
1.93 1.299 1.70 1.300 ± 0.018 1.485 ± 0.021 1.489 ± 0.029 
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the osmotic pressure inside it is higher than that in the solution due to the presence of fixed 
charges on the polymer backbone [40].  When 𝐶𝑠
𝑠 is 1 M, the osmotic pressure difference 
between the charged membrane and solution phases is lowered, resulting in less water 
uptake.  Due to osmotic de-swelling, the fixed charge concentration, based on the volume 
of sorbed water, increases as 𝐶𝑠
𝑠 increases from 0 to 1 M [cf. Figure 4.2 (b)].  But this 
increase in 𝐶𝐴
𝑚  is not substantial until 𝐶𝑠
𝑠  reaches ~ 0.1 M and higher because the 
osmotic de-swelling effect is more significant when the external electrolyte solution is 
concentrated [8].  The extent of de-swelling increases as IEC increases.  For instance, 
when a water-equilibriated uncharged membrane is immersed in 1 M NaCl solution, 5% of 
the water in the membrane desorbs into the solution.  The high osmotic pressure outside 
the membrane (~ 47 bar) provides some indication of the decrease in water activity as 
shown in Figure 4.2 (c) [41].  This de-swelling effect is greater for more highly charged 
membranes (e.g., 20% for the IEC = 1.93 meq/g membrane).  The increase in the extent 
of de-swelling with IEC is qualitatively consistent with the theoretical prediction (i.e., 





Figure 4.2  The influence of (a) external NaCl concentration on water uptake and (b) 
IEC on fixed charge concentration at fixed 𝐶𝑠
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4.2.3 Ion Sorption 
Figure 4.3 (a) presents the concentrations of sodium (Na+) and chloride ions (Cl-) 
in selected membranes as a function of external NaCl concentration, 𝐶𝑠
𝑠.  The dashed line 
labeled “0” represents ion concentrations in an uncharged XLPEGDA membrane.  To 
maintain electroneutrality, there are equal numbers of Na+ and Cl- ions dissolved in the 
uncharged membrane, as expected [cf. Eqn. (2.9)].  As 𝐶𝑠
𝑠 increases from 0.01 to 1 M, 
concentrations of Na+ and Cl- increase by approximately two orders of magnitude in the 
uncharged membrane, as expected from Eqn. (8) [42].  The resulting salt sorption 
coefficients, 𝐾𝑠, determined via Eqn. (2.7) and (2.10) are shown in Figure 4 (b). 
Ion sorption behavior in charged membranes is qualitatively different from that in 
neutral membranes [42].  As shown in Figure 4.3 (a), Cl- (co-ion) concentrations in CEMs 
are lower than in the uncharged membrane, especially when 𝐶𝑠
𝑠 is low (e.g., 0.01 M).  In 
contrast, more Na+ (counter-ion) sorbs into CEMs than in the uncharged membrane.  This 
distinction between Na+ and Cl- sorption stems primarily from the electrostatic interaction 
between ions and fixed charge groups on the polymer backbone.  Fixed charges must be 
neutralized by Na+, and they act to inhibit Cl- sorption via Donnan exclusion [1].  To 
maintain electroneutrality, any Cl- ions present in the membrane must be accompanied by 
an equal number of Na+ ions.  Therefore, the total concentration of Na+ is larger than that 
of Cl- by an amount equal to the fixed charge concentration [i.e., 𝐶𝑁𝑎+
𝑚,𝑤  = 𝐶A
𝑚,𝑤  + 𝐶𝐶𝑙−
𝑚,𝑤  
 




Figure 4.3  The dependence of the (a) sorbed concentrations of Na+, ,m w
Na




C  , and (b) salt sorption coefficient on external NaCl concentration in 
swollen membranes with selected IEC values.  The measured sK  of the 
uncharged membrane at 0.1 M is 0.304 ± 0.059 (mol/L [water 
sorbed])/(mol/L [solution]), which is in agreement with previously reported 
data (e.g., 0.3~0.4 at 0.1M) [38]. 
Unlike uncharged membranes, Na+ and Cl- concentrations in highly charged 
membranes behave rather differently as 𝐶𝑠
𝑠 increases [3, 42].  As shown in Figure 4.3 
(a), the Na+ concentration for the most highly charged membrane considered (IEC value of 
1.93 meq/g) is fairly constant, within experimental uncertainty, in dilute NaCl solutions 
(𝐶𝑠
𝑠 < 0.1 M).  This independence of Na+ sorption on 𝐶𝑠
𝑠 is ascribed to two phenomena 
[3, 42].  First, the sorbed Cl- concentration at low 𝐶𝑠
𝑠 values is orders of magnitude less 
than the fixed charge concentration, due to strong Donnan exclusion at low 𝐶𝑠
𝑠 .  The 
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).  Second, the osmotic de-swelling effect is not significant 
in this dilute region (𝐶𝑠
𝑠 < 0.1 M), so the amount of water sorbed in the membrane is almost 
constant.  Therefore, 𝐶𝐴
𝑚,𝑤
, based on the volume of sorbed water, is essentially 
independent of 𝐶𝑠
𝑠  in the dilute NaCl range (i.e., 0.01-0.1 M), as is the sorbed Na+ 
concentration [3, 42].  However, the sorbed Na+ concentration in the membrane with IEC 
= 1.93 meq/g increases by about 40% as 𝐶𝑠
𝑠 increases from 0.1 to 1 M.  This increase is 
partly due to the increase in 𝐶𝐴
𝑚,𝑤
 stemming from more significant osmotic de-swelling.  
In addition, the sorbed Cl- concentration becomes closer to 𝐶A
𝑚,𝑤
(about one order of 
magnitude difference at 1 M).  Therefore, the total concentration of sorbed Na+ ends up 
increasing at higher NaCl concentrations (i.e., 0.1-1 M).  About 55% of this increase is 
caused by osmotic de-swelling, and 45% is caused by the increase in sorbed Cl- 
concentration.  
In stark contrast, the sorbed Cl- concentration in the membrane with IEC = 1.93 
meq/g increases by more than three orders of magnitude over the entire 𝐶𝑠
𝑠  range [cf. 
Figure 4.3 (a)].  The increase in co-ion (Cl-) concentration with 𝐶𝑠
𝑠  is qualitatively 
consistent with the Donnan prediction in Eqn. (2.5) [3, 42].  When 𝐶𝑠
𝑠 is high (e.g., 1 
M), the electrolyte concentration difference between the membrane and solution phases 
decreases, resulting in a smaller Donnan potential and greater co-ion sorption in the 
membrane [1].   
When 𝐶𝑠
𝑠 becomes higher than 𝐶A
𝑚,𝑤
 [e.g., 𝐶𝑠
𝑠 > 0.1 M for membrane with IEC 
= 0.01 meq/g and 𝐶A
𝑚,𝑤
 = 0.02 mol/L in Figure 4.3 (a)], the Donnan potential is 
significantly reduced, and the ionogenic groups on the polymer backbone exclude co-ions 
to a much weaker extent than when 𝐶𝑠
𝑠  is lower than 𝐶A
𝑚,𝑤
 [42].  Consequently, the 
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).  In the later case, the majority of sorbed Na+ ions are balancing Cl- ions 






For example, as shown in Figure 4.3 (a), 𝐶A
𝑚 of the membrane with IEC = 0.01 meq/L is 
about 0.02 mol/L (water sorbed).  When 𝐶𝑠
𝑠  is 0.3 M or higher, the sorbed Cl- 
concentration is more than one order of magnitude higher than 𝐶A
𝑚,𝑤




), charged membranes sorb ions in a similar fashion as that of an uncharged 
membrane (e.g., for IEC value of 0.01 meq/g, 𝐶𝑠
𝑠 ≥ 0.3 M).   
Figure 4.4 (a) and (b) present the influence of fixed charge concentration on ion 
sorption at two fixed external NaCl concentrations (0.01 M and 1.0 M).  As shown in 
Figure 4.4 (a), when a relatively small number of charged groups are introduced to the 
uncharged membrane [i.e., 𝐶𝐴
𝑚,𝑤
 values of 0.02-0.1 mol/L (water sorbed)], the sorbed Cl- 
concentration decreases by more than one order of magnitude, so even low levels of fixed 
charges can exclude co-ions significantly.  Ideal Donnan theory predicts a continuous 
decrease in co-ion sorption as 𝐶𝐴
𝑚,𝑤
 increases, if all other parameters (e.g., 𝐶𝑠
𝑠 and Γ) 
are held constant [cf. Eqn. (2.5)].  However, as 𝐶𝐴
𝑚,𝑤
 increased to about 1-1.5 mol/L 
(water sorbed), Cl- sorption decreased to a plateau (within experimental uncertainties), 
which is not consistent with ideal Donnan theory [i.e., Γ = 1 in Eqn. (2.5)].  Based on our 
previous studies, this qualitative deviation from ideal Donnan theory is likely due to the 
ion activity coefficient ratio, Γ, [defined by Eqn. (2.6)] not being equal to one [1, 3, 29].  
Salt mean activity coefficients in aqueous solution deviate from 1 (i.e., √𝛾+
𝑠𝛾−𝑠 = 1 in 
infinite dilution) as solution concentration increases (i.e., √𝛾+
𝑠𝛾−𝑠 = 0.66 at 1 M for NaCl) 
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[43].  A quantitative comparison between the experimental and theoretical ion sorption 
results will be discussed below.   
  
Figure 4.4  The influence of fixed charge concentration on sorbed Na+ concentration
,m w
Na
C  , and Cl
- concentration, ,m w
Cl
C  , in XL(AMPS-PEGDA) copolymers at a 
fixed external NaCl concentration of (a) 0.01 M and (b) 1.0 M.  An axis 
break mark was shown in (a) to separate the linear and logarithm scales.   
4.2.4 Ion Activity Coefficients in the Membranes 
Ion activity coefficients in the membrane, 𝛾+
𝑚𝛾−
𝑚 , can be calculated from the 
experimentally measured ion sorption results, and the mean salt activity coefficients in 
aqueous solution based on Pitzer model, using Eqn. (2.3).  Figure 4.5 (a) shows that 
𝛾+
𝑚𝛾−
𝑚 changes by a factor of 20 with changes in 𝐶𝐴
𝑚,𝑤
 at a 𝐶𝑠
𝑠 value of 0.01 M.  For 
example, 𝛾+
𝑚𝛾−
𝑚  values in the most highly charged membranes are less than 1 (i.e., 
√𝛾+
𝑠𝛾−𝑠 = 1 in infinite dilution), which is ascribed to strong electrostatic attraction between 
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In these membranes, the amount of counter-ions is several orders of magnitude higher than 
the same ions outside the membrane.  To maintain thermodynamic equilibrium between 
the membrane and solution phases, 𝛾+
𝑚𝛾−
𝑚 in more highly charged membranes must be 
low to account for the high concentration of counter-ions [3].  In contrast, 𝛾+
𝑚𝛾−
𝑚 in the 
uncharged membrane is as high as 12, which is about 15 times than that in solution (i.e., 
𝛾+
𝑠𝛾−
𝑠 =  0.8 at 0.01 M for NaCl).  In this case, ion concentrations in the uncharged 
membrane are much lower than in the external solution, because ions prefer staying in 
aqueous solution than in the uncharged membrane due to certain polymer-ion and/or water-
ion interactions.  As a result, 𝛾+
𝑚𝛾−
𝑚 values must be > 1 in the uncharged membrane.   
Figure 4.5 (b) presents 𝛤 calculated from solution mean ion activity coefficients, 
𝛾±
𝑠 , taken from the literature [43] and experimental ion activity coefficients in the 
membrane, 𝛾+
𝑚𝛾−
𝑚 [cf. Eqn. (2.3)] [41].  The ideal Donnan theory value of 𝛤 = 1 is 
also shown.  𝛤 increases by about 20 times over the entire range of  𝐶𝐴
𝑚,𝑤
 [0-1.5 mol/L 
(water sorbed)] considered.  The large change in 𝛤 further confirms that the original 
assumptions regarding ion activity coefficients in the ideal Donnan theory are not accurate 
except by serendipity [i.e., the membrane with an IEC value of 1.46 meq/g in Figure 4.5 




Figure 4.5  The influence of fixed charge concentration on: (a) ion activity coefficients 
in the membrane, m m    , obtained via Eqn. (3) and (b) ion activity 
coefficient ratio,  .  
Figure 4.6 (a) presents the dependence of 𝛾+
𝑚𝛾−
𝑚 on 𝐶𝑠
𝑠 at various IEC values.  
Due to the affinity between fixed charges on the polymer backbone and counter-ions 
discussed above, 𝛾+
𝑚𝛾−
𝑚 in more highly charged membranes (e.g., IEC values of 0.97-
1.93 meq/g) is near or less than 1.  𝛾+
𝑚𝛾−
𝑚 in these membranes increase slightly as 𝐶𝑠
𝑠 
increases, which is similar to the trend observed in previous studies [3-5, 8, 11, 12, 17, 18, 
25, 34, 45, 46].  Some authors ascribed this deviation from ideal Donnan theory to 
impurities in the polymer matrix [45, 47], polymer heterogeneity [15, 48], and/or the 
inaccuracy in measuring ion concentrations at low salt concentrations caused by the 
incomplete separation of the membrane and solution phases [15, 49].  However, this same 
qualitative behavior has been found in polyelectrolyte solutions where ion activity 
coefficients were able to be experimentally determined [3, 50, 51].  A new approach, 
1
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based on Manning’s counter-ion condensation theory from the field of polyelectrolytes 
[52], can describe the behavior of ion activity coefficients in highly charged membranes 
[i.e., 𝐶𝐴
𝑚,𝑤
 values of > 2 mol/L (water sorbed)] reasonably well [3, 29].  In contrast, as 
shown in Figure 4.6 (a), 𝛾+
𝑚𝛾−
𝑚  values in the uncharged membrane decrease as 𝐶𝑠
𝑠 
increases.  A similar behavior is also observed in aqueous solution (i.e., 𝛾+
𝑠𝛾−
𝑠 decreases 
from 0.8 to 0.4 over the same range of NaCl) due to mobile ion-ion interactions [41, 53].  
For weakly charged membranes (e.g., IEC values of 0.01-0.13 meq/g), 𝛾+
𝑚𝛾−
𝑚 hehaves in 
a qualitatively consistent manner between the two limits (i.e., 𝛾+
𝑚𝛾−
𝑚 in uncharged and 
highly charged membranes).   
  
Figure 4.6  The dependence of (a) ion activity coefficients in the membrane, m m   , and 
(b)  , on external NaCl concentration varies with IEC values.  
The wide-spread in 𝛤  values shown in Figure 4.6 (b) suggest that the non-
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(e.g., fixed charge concentration, external electrolyte solution concentration), dictate the 
deviation of 𝛤 from 1 (ideal Donnan theory), resulting in the discrepancy between the 
experimental and theoretical ion sorption results. However, Manning’s couner-ion 
condensation theory can only predict ion activity coefficients for highly charged 
membranes, wherein the electrostatic interactions between fixed charges and counter-ions 
(i.e., polyion-ion) are dominant and ion activity coefficients are less than 1 [3].  There is 
no comparable, verified model available to describe ion activity coefficients in uncharged 
and weakly charged membranes, such as those considered in this study.  Therefore, there 
is a strong need for a fundamental, theoretical model to account for electrostatic and other 
interactions (e.g., polymer-ion, water-ion, ion-ion etc.) in the membrane to describe ion 
activity coefficients in a wide range of membranes (i.e., ranging from uncharged to highly 
charged). 
4.3 CONCLUSIONS 
Water and individual ion (Na+ and Cl-) sorption have been studied in a series of 
uncharged and sulfonated cross-linked hydrogel membranes to investigate the influence of 
membrane properties (e.g., ion exchange capacity, degree of cross-linking) and external 
electrolyte solution concentration on water and ion sorption.  Water sorption increases as 
the concentration of charged monomers in the polymers increases.  Fixed charge 
concentration based on the volume of sorbed water increases non-linearly with increasing 
water uptake and IEC due to charge dilution effects.  Fixed charge concentration 
generally increases as external NaCl concentration increases due to lower water content 
caused by osmotic de-swelling.  There are always equal numbers of sorbed Na+ and Cl- 
ions present in the uncharged membrane.  The sorbed Na+ concentration in a CEM is 
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significantly larger than the sorbed Cl- concentration when the external NaCl concentration 
is low relative to the fixed charge concentration.  However, when the external NaCl 
concentration is higher than the fixed charge concentration, Donnan exclusion can be 
overwhelmed, and the charged membrane sorbs similar amounts of Na+ and Cl- ions, akin 
to the behavior in an uncharged membrane.  Cl- sorption decreases significantly even in 
the membrane with the lowest charge density considered in this study, suggesting that a 
low level of fixed charges can exclude co-ions measurably.   Ideal Donnan theory 
typically cannot qualitatively or quantitatively describe experimental ion sorption 
isotherms due to the non-idealities of ion activity coefficients in the membrane and solution 
phases.  Ion activity coefficients in the uncharged membrane were much larger than 1, 
while those in the most highly charged membranes considered were less than 1.   
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Chapter 5:  Influence of Fixed Charge Concentration and Water 
Uptake on Ion Sorption in AMPS/PEGDA Membranes2 
5.1 INTRODUCTION 
Ion exchange membranes (IEMs) are used in applications such as electrodialysis 
(ED), reverse electrodialysis (RED), and fuel cells [1-7].  They are often cross-linked 
polymers with fixed charge groups (e.g., -SO3
-, -R3N
+) attached to the polymer network 
[8].  These ionogenic groups selectively permit passage of counterions (i.e., ions bearing 
the opposite charge as that of the fixed charge groups) over co-ions (i.e., ions bearing the 
same charge as that of the fixed charge groups) [9-11].  This property is critical to the 
efficacy of many technologies relying on IEMs [12-14]. 
Ion sorption and transport through IEMs in contact with electrolyte solutions (e.g., 
NaCl) can be profoundly influenced by electrostatic interactions between ions and fixed 
charges [15, 16].  The presence of fixed charges causes an unequal distribution of cations 
and anions in the membrane via the “Donnan potential” at the membrane/solution interface 
[8, 17].  This potential acts to keep counterions in the membrane and co-ions in solution 
(i.e., “Donnan exclusion”) [8].  To maintain electroneutrality in the polymer membrane, 
sorbed counterions must electrically balance the fixed charges on the polymer backbone 
and any sorbed co-ions in the membrane.  Highly selective membranes should sorb many 
counterions and few co-ions.  This effect can be influenced by changing membrane fixed 
charge concentration [18, 19].  The concentration of fixed charges, 𝐶𝐴
𝑚,𝑤
 (mols of fixed 
charges per liter of sorbed water), is quantified as follows [8]: 
                                                 
2 This chapter has been adapted from: Yan, N., Kamcev, J., Galizia, M., Jang E.S., Paul, D.R., Freeman, 
B.D., Influence of fixed charge concentration and wataer uptake on ion sorption in AMPS/PEGDA 








where IEC represents ion exchange capacity, expressed as milliequivalents (i.e., mmol) of 
fixed charges per gram of dry polymer (meq/g), 𝑤𝑢 is polymer water uptake (gram of 
sorbed water per gram of dry polymer),  and 𝜌𝑤 is the density of water [8].  To enhance 
membrane selectivity for counterions over co-ions, many studies focus on increasing 
polymer IEC [20, 21].  However, addition of fixed charges in the polymer often increases 
polymer hydrophilicity [20, 21].  Consequently, increases in IEC are often accompanied 
by increases in polymer water uptake, and both factors influence 𝐶𝐴
𝑚 (and, in turn, ion 
sorption), but in opposite directions [4, 14].  Establishing structure/property relations in 
IEMs to guide the preparation of new materials with desired ion sorption and transport 
properties is typically frustrated by this inability to vary a single variable (e.g., water uptake 
or 𝐶𝐴
𝑚,𝑤
) at a time to generate better fundamental understanding of ion behavior in IEMs. 
To overcome this lack of knowledge in the literature, this study is focused on 
isolating the effects of fixed charge concentration and water uptake on ion sorption in a 
series of negatively charged membranes [i.e., cation exchange membranes (CEMs)].  
Membrane fixed charge concentration and water uptake were controlled independently by 
varying the concentration of charged monomer in the pre-polymerization solution and the 
cross-linker length.  As controls, uncharged polymers with different levels of water 
uptake were prepared with various cross-linker lengths.  Finally, experimental ion 
sorption and ion activity coefficients in membranes equilibrated with NaCl solutions were 
interpreted using the recently developed Donnan/Manning model [16, 22, 23]. 
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5.2 RESULTS AND DISCUSSIONS 
5.2.1 Membrane Water Content and Fixed Charged Concentration 
As shown in Table 3.2, at a given n value, an increase in AMPS content (i.e., an 
increase in IEC) is accompanied by higher water uptake in the polymer (cf. Figure B.1) 
[33].  At constant IEC, water uptake also increases with increasing PEGDA length (i.e., 
increasing n value) (cf. Figure B.1).  Thus, polymer water uptake can be tuned by 
adjusting both the AMPS content and PEGDA length [24, 25].   
In swollen ion exchange membranes, fixed charge concentration can have a strong 
influence on ion sorption [16, 18, 22].  In this study, membrane fixed charge 
concentration increases with increasing AMPS content (i.e., IEC increases) and decreasing 
PEGDA length (i.e., water uptake decreases.  Thus, AMPS content and PEGDA length 
can be used to control fixed charge concentration.  Appropriate values of these two 
parameters can yield polymers that have either the same water uptake value, but different 
fixed charge concentrations, or the same fixed charge concentration, but different water 
uptake values.   
5.2.2 Uncharged Membranes 
Equilibrium water uptake values measured in aqueous NaCl solutions are shown in 
Figure 5.1 (a).  As cross-linker length decreases, 𝑤𝑢  decreases, presumably due to 
higher cross-link density and the more hydrophobic nature of cross-linkers with fewer 
ethylene oxide units [24].  All measured values are recorded in the Appendix.  For all 
membranes, 𝑤𝑢 decreases slightly (~10%) as external NaCl concentration increases from 
0.01 to 1.0 M due to a decrease in water activity as 𝐶𝑠
𝑠 increases [15]. 
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Figure 5.1  The influence of external NaCl concentration on: (a) water uptake and (b) 
sorbed ion concentrations in uncharged membranes with different cross-
linker lengths (n = 13, 10, and 4). 
Sodium and chloride concentrations in uncharged membranes are presented in 
Figure 5.1 (b).  To maintain electroneutrality, equal numbers of Na+ and Cl- ions sorb into 
the membrane over the entire range of 𝐶𝑠
𝑠  values considered [15].  At fixed 𝐶𝑠
𝑠 , less 
hydrated membranes sorb fewer ions than more hydrated membranes, which is consistent 
with previous results [24].  Such behavior was ascribed to a polymer ion-excluding effect, 
which is more pronounced when less water is present in the membrane [24]. 
To facilitate a quantitative comparison between experimental and theoretical results, 
experimental salt sorption coefficients were computed from the measured ion 
concentrations.  In uncharged membranes, 𝐾𝑠  is related to ion activity coefficients as 
follows [when 𝐶𝐴
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In Manning’s counterion condensation theory, membrane ion activity coefficients, 𝛾+
𝑚𝛾−
𝑚, 
would be equal to one for an uncharged membrane, so 𝐾𝑠
𝑤  would be equal to 𝛾±
𝑠  
according to Eqn. (5.2).  However, the experimental 𝐾𝑠 values as shown in Figure 5.2 
(a) are well below the 𝛾±
𝑠  values, which were calculated using the Pitzer model [26].  The 
discrepancy between the experimental and theoretical results is ascribed to non-ideal ion 
behavior in the membrane phase (i.e., 𝛾+
𝑚𝛾−
𝑚 ≠ 1).  Additionally, the trends in 𝐾𝑠 and 
𝛾±
𝑠  with 𝐶𝑠
𝑠  are opposite to each other, 𝛾±
𝑠  decreases with increasing 𝐶𝑠
𝑠  while 𝐾𝑠 
increases with increasing 𝐶𝑠
𝑠 .  These trends in 𝐾𝑠
𝑤  cannot be captured by Manning’s 





Figure 5.2  Salt sorption coefficient (a) and membrane ion activity coefficients (b) in 
uncharged membranes with varied water uptake values as a function of 
external NaCl concentration.  For reference, the solution ion activity 
coefficients, s  , is shown as a dashed line in Figure 5.2 (a).   
Figure 5.2 (b) presents membrane ion activity coefficients using experimentally 
determined 𝐾𝑠
𝑤 and estimated 𝛾±
𝑠  (i.e., Pitzer model) values via Eqn. (5.2) [27].  𝛾+
𝑚𝛾−
𝑚 
values in uncharged membranes decrease with increasing 𝐶𝑠
𝑠, qualitatively similar to the 
trend of 𝛾±
𝑠  observed in Figure 5.2 (a).  However, the very high values of 𝛾+
𝑚𝛾−
𝑚  , 
exceeding 10 in some cases, indicating that ions have a strong affinity to remain in the 
solution than in the membrane phase [24, 28, 29].  Presumably, ions in solution are 
rejected by membranes due to dielectric exclusion [30], and the electrostatic charges of 
ions are less stabilized in the membrane than in solution [4], since the dielectric constant 
of the membrane phase is much smaller than that of the solution phase [4].  Additionally, 
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backbone for water in the polymers may also contribute to the large 𝛾+
𝑚𝛾−
𝑚 values.  More 
specifically, EO groups and water molecules interact strongly, and approximately 2~3 
water molecules are tightly bound to each EO group in XLPEGDA [31], potentially 
resulting in less “free” water in the polymer for ion solvation.  For example, 1000 g of 
dry sample 13-0 contains 18 mols of EO groups, which can tightly bond with 30~50 mols 
of water molecules.  As shown in Table 3.2, the same amount of dry polymer only sorbs 
44 mols of water molecules, according to its water uptake value.  Thus, almost all water 
present in sample 13-0 is “associated” with the EO groups, and similar results are obtained 
for the other uncharged samples studied, suggesting these uncharged polymers are not 
thermodynamically favorable environments for ions to dissolve in relative to solution [28, 
29].  Consequently, 𝛾+
𝑚𝛾−
𝑚 values are higher and salt sorption coefficients are lower in 
materials with lower water uptake, reflecting the more thermodynamically unfavorable 
environment for ions dissolved in less hydrated samples, where the interactions between 
polymer segments, water, and ions are more pronounced [28, 29].   
5.2.3 Charged Membranes at Constant Fixed Charge Concentration 
To prepare samples with constant fixed charge concentration (𝐶𝐴
𝑚 ), high IEC 
membranes must be cross-linked with longer PEGDA chains to increase water sorption.  
Thus, three membranes (13-1.40, 10-0.97, and 4-0.44) with similar 𝐶𝐴
𝑚  values (i.e., 
measured in DI water) but different pure water uptake values were synthesized (cf. Table 
2).  As shown in Figure 5.3 (a), membrane water uptake increases as IEC and n increase, 
due to simultaneously enhanced polymer hydrophilicity and reduced cross-link density (cf. 
Table 3.2).  𝑤𝑢 decreases with increasing external NaCl concentration due to osmotic de-
swelling [4, 32].  However, the extent of de-swelling varies in each sample.  The most 
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hydrated membrane de-swells twice as much as the least hydrated one, consistent with 
previous results [8, 32, 33].   
Figure 5.3  The dependence of water uptake on external NaCl concentration in swollen 
XL(AMPS-PEGDA) membranes having similar fixed charge concentration.  
The ,m w
AC  value represents the fixed charge concentration of the sample 
equilibrated in DI water. 
Membrane Na+ (counterion) and Cl- (co-ion) concentrations are presented in Figure 
5.4 as a function of external NaCl concentration.  In Figure 5.4 (a), at low NaCl 
concentrations (𝐶𝑠
𝑠 < 0.1 M), the sorbed Na+ concentration is relatively constant and equal 
in all three samples, within the experimental uncertainty.  These observations have two 
bases.  First, the sorbed Cl- concentration is negligible compared to that of fixed charges 
in this range of 𝐶𝑠
𝑠 due to Donnan exclusion [cf. Figure 5.4 (b)].  Thus, the sorbed Na+ 
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 ~ 1.03 mol/L (water sorbed)
72 
 
the volume of sorbed water changes little with 𝐶𝑠
𝑠 at low 𝐶𝑠
𝑠 due to weak osmotic de-
swelling [cf. Figure 5.3 (a)], so 𝐶A
𝑚,𝑤
 is essentially constant in this dilute range [16].  As 
a result, 𝐶+
𝑚,𝑤
 is practically constant and equal in all samples when 𝐶𝑠
𝑠 < 0.1 M, which 
was the desired outcome for these samples.  At high NaCl concentrations (𝐶𝑠
𝑠 > 0.1 M),  
𝐶−
𝑚,𝑤  increases due to weaker Donnan exclusion [cf. Figure 5.4 (b)].  𝐶A
𝑚,𝑤
 also 
increases due to the reduction in sorbed water caused by stronger osmotic de-swelling at 
high 𝐶𝑠
𝑠  [cf. Figure 5.3 (a)] [16].  Consequently, 𝐶+
𝑚,𝑤
 increases as 𝐶𝑠
𝑠  increases 
above 0.1 M.  About 60% of this increase is due to osmotic de-swelling, and 40% is 
caused by the increase in 𝐶−
𝑚,𝑤 , consistent with results reported elsewhere [32].  The 
𝐶+
𝑚,𝑤
 values in the three membranes tend to deviate from each other when 𝐶𝑠
𝑠 > 0.1 M.  
This departure is primarily due to the different levels of osmotic de-swelling in these three 
membranes, resulting in small differences in 𝐶A
𝑚,𝑤
 values at high 𝐶𝑠
𝑠  values.  For 
example, For example, the membrane that de-swells the most (i.e., 13-1.40) has the largest 
increase in 𝐶A
𝑚,𝑤
 with increasing 𝐶𝑠
𝑠 and exhibits the highest 𝐶+
𝑚,𝑤
 value at 𝐶𝑠
𝑠 = 1 M 
(cf. Appendix B). 
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Figure 5.4  Sorbed concentrations of: (a) Na+, ,m wC , and (b) Cl
-, ,m wC , in swollen 
XL(AMPS-PEGDA) membranes with a constant fixed charge concentration 
value of 1.03 mol/L (sorbed water) measured in DI water.  Values of the 
Manning parameters, 𝜉, are shown in parentheses in Figure 5.4 (b). 
Figure 5.4 (b) shows the sorbed Cl- concentration as a function of external NaCl 
concentration in membranes having similar fixed charge concentrations.  Numerical 
results of 𝐶+
𝑚   and 𝐶−







=1 in Eqn. (2.5)], membranes having the same 𝐶A
𝑚,𝑤
 value should sorb the 
same amount of co-ions at fixed 𝐶𝑠
𝑠 [34].  In contrast, experimental 𝐶−
𝑚,𝑤 values in the 
three membranes are somewhat different, due to differences in the level of non-idealities 
in the various membranes [22].   
Like the uncharged membranes, charged membranes (13-1.40, 10-0.97, and 4-0.44) 
with constant fixed charge concentration have varied water uptake values (cf. Table 5.1).  
The dependence of experimental 𝐾𝑠  and 𝛾+
𝑚𝛾−





































































































































shown in Figure 5.5 (a) and (b).  Experimental 𝐾𝑠 values were determined from Eqn. 
(2.7), and experimental 𝛾+
𝑚𝛾−
𝑚 values were computed from Eqn. (2.2).  The Manning 
parameter, 𝜉, was calculated based on Eqn. (2.12).  As 𝑤𝑢 decreases, experimental 𝐾𝑠 
values decrease and 𝛾+
𝑚𝛾−
𝑚 values increase, similar to the effect of water uptake on salt 
sorption coefficients and ion activity coefficients observed in uncharged membranes (cf. 
Figure 5.2).  Experimental 𝛾+
𝑚𝛾−
𝑚  values in membranes with lower 𝑤𝑢  values are 
larger than one, suggesting ions are thermodynamically less favored to sorb into the 
membrane than to remain in the external solution.  The high ion activity coefficient values 
are qualitatively similar to those observed in uncharged membranes.  Thus, 
thermodynamic non-idealities in less hydrated, charged membranes are probably strongly 
influenced by interactions such as polymer segment-water-ion interactions, as 





Figure 5.5  The dependence of: (a) salt sorption coefficient and (b) membrane ion 
activity coefficients on water uptake in swollen XL(AMPS-PEGDA) 
membranes with similar fixed charge concentration at selected external 
NaCl concentrations of 0.01, 0.1, and 1 M.   The dashed lines were drawn 
to guide the eye.  The membrane fixed charge concentration measured in 
DI water was about 1.03 mol/L (water sorbed). 
For membranes (13-1.40, 10-0.97, and 4-0.44) with similar 𝐶𝐴
𝑚,𝑤
 values, the 
decrease in water uptake value is accompanied by a decrease in the value of Manning 
parameter, 𝜉, which was calculated using Eqn. (2.12).  Estimated values for the average 
distance between fixed charges, 𝑏, dielectric constant in the swollen membranes, ε, and 
the Bjerrum length, 𝜆𝐵 , are recorded in Table 5.1.  Among these membranes, the 
variation in ε  (and, therefore, 𝜆𝐵 ) is relatively small compared to that of 𝑏 , so the 



























































Table 5.1   Computed values for 𝑏, ε, 
B  and 𝜉 in the membranes.  
Sample 𝒃 [Å] a 𝜺 a 𝝀𝑩 [Å]
 b 𝝃 b 
13-0.33 206.8 48 11.8 0.06 
13-1.40 39.4 54 10.3 0.26 
10-0.97 60.0 51 10.9 0.18 
4-0.44 657 35 15.8 0.02 
4-2.18 21.3 49 11.4 0.53 
a 𝑏 and ε were estimated based on polymer chemistry and water sorption results, as shown in the 
Appendix.  b 𝜆𝐵 and 𝜉 were determined from Eqn. (2.12). 
 
To facilitate understanding effect of 𝜉 on ion activity coefficients and salt sorption 
coefficients, charged membranes are set to be equilibrated with relatively dilute NaCl 
solutions, 𝛾+
𝑚𝛾−




𝑚,𝑤 → 0)： 
 𝛾+
𝑚𝛾−
𝑚 = 𝑒−𝜉 (5.3) 
where 𝛾+
𝑚𝛾−
𝑚  depends only on 𝜉  and should decrease with increasing 𝜉 , 
presumably due to more favorable interactions between fixed charges and ions because the 
fixed charges are closer to each other along the polymer chain.  Then, 𝐾𝑠 in Eqn. (2.14) 













𝜉  (5.4) 
Thus, 𝐾𝑠
𝑤 should increase with increasing 𝜉 at fixed 𝐶𝐴
𝑚,𝑤
 and low 𝐶𝑠
𝑠 values, 
since ions are thermodynamically more favored to stay in membranes having high 𝜉 
values [cf. Eqn. (5.3)].   
77 
 
To quantitatively compare experimental and theoretical results estimated by the 
Donnan/Manning model, Figure 5.6 (a) and (b) present the influence of 𝜉 on experimental 
salt sorption coefficients and ion activity coefficients in membranes with constant 𝐶𝐴
𝑚,𝑤
 
value equilibrated with NaCl solutions of fixed concentrations.  Theoretical predictions 
for 𝐾𝑠
𝑤  and 𝛾+
𝑚𝛾−
𝑚  were calculated via Eqn. (5.4) and (5.3), respectively.  As 𝜉 
increases, experimental 𝐾𝑠
𝑤  values increase and 𝛾+
𝑚𝛾−
𝑚  values decrease, qualitatively 
consistent with the model predictions.  Within the experimental uncertainty, the 
experimental 𝐾𝑠
𝑤  and 𝛾+
𝑚𝛾−
𝑚  values can be reasonably described by the theoretical 
predictions for membranes with higher 𝜉 values (or membranes with higher 𝑤𝑢values), 
suggesting thermodynamic non-idealities in these membranes are governed by favorable 






Figure 5.6  The dependence of: (a) salt sorption coefficient and (b) membrane ion 
activity coefficients on   in swollen XL(AMPS-PEGDA) membranes with 
constant fixed charge concentration at selected external NaCl concentrations 
of 0.01, 0.1, and 1 M.   All symbols represent experimentally determined 
results.  The lines denote the Donnan/Manning model predictions:  is 1 
M,  is 0.1 M, and   is 0.01 M.  The membrane fixed charge 
concentration measured in DI water was about 1.03 mol/L (water sorbed). 
However, as 𝜉  decreases ( 𝑤𝑢  also decreases), the experimental 𝐾𝑠
𝑤  values 
become lower and 𝛾+
𝑚𝛾−
𝑚 values become higher than the theoretical values.  As shown 
in Figure 5.6 (a), the model underestimates co-ion exclusion in the sample with the lowest 
𝜉 value (i.e., the least hydrated sample), since the model lines are higher than the symbols.  
In Figure 5.6 (b), the experimental 𝛾+
𝑚𝛾−
𝑚  values are higher than the theoretically 
expected values by 50-70% for this ample.  Such differences between the experimental 
and theoretical results suggest that additional interactions such as polymer segment-water-
ion interactions, beyond the electrostatic interactions included in Manning’s model, 



































































As shown in Figure 5.7, the experimental and theoretical 𝐾𝑠
𝑤 and 𝛾+
𝑚𝛾−
𝑚 data are 
plotted as a function of external NaCl concentration.  In Figure 5.7 (a) and (b), within 
experimental uncertainty, the experimental 𝐾𝑠
𝑤  and 𝛾+
𝑚𝛾−
𝑚  values can be reasonably 
described by the theoretical predictions (i.e., no adjustable parameters) for the most 
hydrated sample (i.e., the sample with the highest 𝜉 value, 13-1.40), similar to results 
reported elsewhere [16, 18, 22, 36].  In Figure 5.7 (c) and (d), the quantitative agreement 
between the model predictions and experimental 𝐾𝑠
𝑤  and 𝛾+
𝑚𝛾−
𝑚  values for the least 
hydrated sample (i.e., the sample with the lowest 𝜉 value, 4-0.44) is poor, likely due to 
thermodynamic non-idealities contributed by unfavorable interactions between polymer 





Figure 5.7  Salt sorption coefficient (a) and ion activity coefficients (b) in swollen 
XL(AMPS-PEGDA) membranes with similar fixed charge concentration.  
All symbols represent experimentally determined results.  The lines 
indicate the theoretical predictions by the Donnan-Manning model [Eqs. 
(2.13) and (2.14)]:  is sample 13-1.40,  is sample 10-0.97, and   is 
sample 4-0.44.  The membrane fixed charge concentration measured in DI 
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5.2.4 Charged Membranes at Constant Water Uptake 
As described earlier, water uptake in charged membranes increases with increasing 
IEC and PEGDA chain length (i.e., n).  To maintain constant polymer water uptake, 
membranes with high IEC must be cross-linked with shorter, more hydrophobic PEGDA 
segments.  In this way, samples 4-2.18, 10-0.97, and 13-0.33 were prepared having 
similar water uptake values but different fixed charge concentrations [cf. Table 3.2]. 
Figure 5.8 presents membrane water uptake as a function of external NaCl 
concentration.  All membranes exhibit very similar water uptake values over the entire 
range of 𝐶𝑠
𝑠, within the experimental uncertainty.  As shown in Figure 5.8, 𝑤𝑢 decreases 
by ~15% as 𝐶𝑠
𝑠 increases due to osmotic de-swelling, the extent of which is similar in all 
three membranes.   
Figure 5.8  The dependence of water uptake on external NaCl concentration in swollen 
XL(AMPS-PEGDA) membranes having varied fixed charge concentrations 



















































Figure 5.9 presents the sorbed Na+ and Cl- concentrations in these membranes.  In 
Figure 5.9 (a), as 𝐶A
𝑚,𝑤
 increases, the sorbed Na+ concentration increases because, except 
at high 𝐶s
𝑠, most of the Na+ ions in each sample are balancing fixed charges on the polymer 
backbone, as described earlier [16].  In Figure 5.9 (b), the sorbed Cl- concentration 
decreases as 𝐶A
𝑚,𝑤
 increases, which qualitatively follows ideal Donnan theory [i.e., Eqn. 
(2.5)] [18].  Numerical values of 𝐶+
𝑚,𝑤
 and 𝐶−
𝑚   are shown in the Appendix.  
Figure 5.9  The dependence of: (a) sorbed Na+ ion concentration and (b) sorbed Cl- ion 
concentration on external NaCl concentration in swollen XL(AMPS-
PEGDA) membranes with similar pure water uptake value of about 0.94 g 
(water)/g (dry polymer). 
Samples with similar water uptake (4-2.18, 10-0.97, and 13-0.33) have 
concomitantly increased fixed charge concentration and 𝜉 values (cf. Table 5.1), similar 
to prior studies [18].  To compare experimental results and theoretical predictions, 
experimental 𝛾+
𝑚𝛾−













































































































































theoretical predictions for 𝛾+
𝑚𝛾−
𝑚  and 𝐾𝑠




𝑚 values are presented in Figure 5.10 as a function of 𝜉. As 
𝜉  increases (𝐶A
𝑚,𝑤
 also increases), experimental 𝛾+
𝑚𝛾−
𝑚  values decrease, qualitatively 
consistent with predictions from Eqn. (2.20).  Based on Eqn. (2.21), 𝐾𝑠 should decrease 
with increasing 𝐶A
𝑚,𝑤
 due to stronger Donnan exclusion and increase with increasing 𝜉 
due to more favorable interactions between fixed charges and ions, if 𝐶s
𝑠 is kept constant.  
As shown in Figure 5.10 (a), 𝐾𝑠
𝑤  decreases as 𝐶A
𝑚,𝑤
 and 𝜉  increase simultaneously, 
suggesting the decrease in 𝐾𝑠
𝑤  is predominantly due to stronger co-ion suppression at 
higher 𝐶A
𝑚,𝑤
 values.  That is, the level of increase in 𝐾𝑠
𝑤 caused by increasing 𝜉 is not 
sufficient to offset the reduction in 𝐾𝑠
𝑤  caused by increasing 𝐶A
𝑚,𝑤
, at least for the 




𝑚 values are more evident in membranes with the smaller 𝜉 value (i.e., the 
less highly charged membranes), and 𝛾+
𝑚𝛾−
𝑚 values are larger than one in these materials, 
similar to the cases observed in less hydrated films.  This discrepancy could also be 
ascribed to thermodynamic non-idealities resulting from unfavorable non-electrostatic 
interactions between polymer segments, water, and ions that are not captured by Manning’s 




Figure 5.10 The dependence of: (a) salt sorption coefficient and (b) membrane ion 
activity coefficients on 𝜉 in swollen XL(AMPS-PEGDA) membranes with 
similar water uptake at selected external NaCl concentrations of 0.01, 0.1, 
and 1 M.  The dashed lines were drawn to guide the eye, and solid lines 
denote the approximate model predictions based on Eqn. (5.3) and Eqn. 
(5.4).  The water uptake value measured in DI water was about 0.94 g 
(water)/g (dry polymer). 
Experimental 𝐾𝑠
𝑤  and 𝛾+
𝑚𝛾−
𝑚  data and theoretical predictions based on the 
complete Donnan-Manning model are presented in Figure 5.11 (a) and (b), respectively. 
Results of sample 10-0.97 are not shown here for simplicity.  As shown in Figure 5.11 (a) 
and (b), the experimental 𝐾𝑠
𝑤 and 𝛾+
𝑚𝛾−
𝑚 values in the most highly charged membrane 
considered (i.e., the membrane with the highest 𝜉 value, 4-2.18) are in good agreement 
with the model predictions (i.e., no adjustable parameters), within experimental error.  
However, for the least highly charged membrane (e.g., i.e., the membrane with the smallest 
𝜉 value, 13-0.33), the model values of 𝐾𝑠
𝑤  and 𝛾+
𝑚𝛾−
𝑚  are far from the experimental 








































































unfavorable non-electrostatic interactions between polymer segments, water, and ions in 
such materials that are not included in Manning’s model.  Further studies to elucidate the 






Figure 5.11  Salt sorption coefficient (a) and ion activity coefficients (b) in swollen 
XL(AMPS-PEGDA) membranes with different fixed charge concentration 
and 𝜉 values but a constant water uptake.   All symbols represent 
experimentally determined results.  The lines indicate the theoretical 
predictions by the Donnan/Manning model [Eqs. (2.13) and (2.14)]:  is 
sample 13-1.40,  is sample 10-0.97, and   is sample 4-0.44.  The 
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Ion concentrations and activity coefficients in a series of uncharged and charged 
membranes equilibrated with NaCl solutions were determined.  Ion activity coefficients 
in uncharged membranes are well above those in aqueous electrolyte solutions, suggesting 
ions have a much greater affinity for aqueous solution than swollen membranes.  Such 
ion-excluding effects might be due to unfavorable interactions introduced by uncharged 
polymer segments.  However, these interactions cannot be accounted for by Manning’s 
counterion condensation theory to predict or even correlate membrane ion activity 
coefficients.  As a result, experimental ion sorption results in uncharged membranes 
typically deviate from the theoretical predictions from the Donnan/Manning approach.   
Negatively charged membranes with constant fixed charge concentration or 
constant water uptake were synthesized and characterized.  In membranes having the 
same fixed charge concentration, mobile salt sorption increases and ion activity 
coefficients decrease with increasing 𝜉 , qualitatively consistent with the model 
predictions.  For membranes with the same water uptake, mobile salt sorption decreases 
with increasing fixed charge concentration due to stronger Donnan exclusion.  The 
increase in fixed charge concentration is also accompanied by an increase in 𝜉, which 
should increase salt sorption (i.e., opposite to the Donnan exclusion effect).  However, 
the increase in 𝜉 is not sufficient to overcome the suppression of co-ion sorption caused 
by the fixed charges.  
Mobile salt sorption and ion activity coefficients in the most hydrated and most 
highly charged membranes can be reasonably described by the Donnan/Manning model 
with no adjustable parameters.  For less hydrated, weakly charged, or uncharged 
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membranes, theoretical predictions exhibit poor agreement with experimental results, 
likely due to non-idealities introduced by polymer segment-water-ion interactions that are 
not captured by Manning’s model.  A more comprehensive model accounting for non-
idealities in charged polymers, solutions, and uncharged polymers in a unified manner is 
greatly needed. 
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Chapter 6:  Ion Transport in a Series of Crosslinked AMPS/PEGDA 
Hydrogel Membranes3 
6.1 INTRODUCTION 
Ion exchange membranes (IEMs) are actively used and explored for applications 
such as reverse osmosis, forward osmosis, electrodialysis (ED), reverse electrodialysis 
(RED), and fuel cells [1-9].  To enhance water/salt separation efficiency and reduce 
energy cost, these technologies often have specific requirements for membrane ion 
transport properties [10].  Meeting these specifications requires an understanding and 
ability to control ion transport through the membranes via tailoring polymer chemical and 
physical parameters [10, 11].  IEMs have charged functional groups, called fixed charge 
groups, covalently bound to the polymer backbone.  These ionogenic groups can ionize 
and retain water in the polymer upon exposure to aqueous solution [12].  The fixed charge 
groups and membrane water content can significantly influence ion transport [13, 14]. 
Ion transport in nonporous membranes is described by the solution-diffusion model 
[15, 16].  Ions from the external solution first partition into the upstream face of the 
membrane, diffuse down the chemical and/or electrical potential gradient, and desorb into 
the contiguous solution at the membrane’s downstream side [12, 16, 17].  Equilibrium ion 
concentrations in the membrane can be profoundly influenced by fixed charge groups via 
electrostatic interactions between the fixed charges and ions [18-20].  Typically, counter-
ions (i.e., ions bearing a charge opposite to that of the fixed charge groups) are attracted to 
the membrane from the external aqueous electrolyte solution, and co-ions (i.e., ions bearing 
                                                 
3 This chapter has been adapted from: Yan, N., Kamcev, J., Jang E.S., Kobayashi, K., Paul, D.R., Freeman, 
B.D., Ion and Salt Transport in a Series of Crosslinked AMPS/PEGDA Hydrogel Membranes (in 
preparation).  Yan, N. made the major contributions to this chapter. 
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the same charge as that of the fixed charge groups) are largely excluded from the membrane 
(i.e., Donnan exclusion) [12].  This exclusion effect is stronger when the fixed charge 
concentration in the membrane is higher than the electrolyte concentration in solution [12].  
At equilibrium, sorbed counter-ions must electrically balance both the fixed charge groups 
on the polymer backbone and any co-ions sorbed in the membrane.   
Ion diffusion is strongly influenced by the water content in a membrane [13, 21].  
Water can plasticize polymer chains, thereby facilitating ion diffusion and transport [22].  
In addition, fixed charges may affect ion diffusion via electrostatic interactions with sorbed 
ions [23, 24].  However, methods used to determine membrane transport properties have 
varied greatly in the literature, and inconsistent results across these studies make 
fundamental relations between polymer structure and ion transport properties difficult to 
discern [25-29]. 
This study focuses on exploring the transport properties of ions in a series of 
uncharged and negatively charged membranes (i.e., cation exchange membranes, CEMs).  
The concentration of fixed charge groups in the membrane was systematically controlled 
by varying the charged monomer content in the pre-polymerization mixture.  Ion sorption 
and ionic conductivity of the membranes were measured as a function of NaCl solution 
concentrations (i.e., 0.01-1 M).  Salt permeability coefficients were also determined.  
Individual ion diffusion coefficients were calculated using the Nernst-Plank framework 
[30].  To the best of our knowledge, such information for the same set of uncharged and 
charged membranes is rarely presented in the literature.  Sorption results were interpreted 
using the Donnan/Manning model [31].  Diffusion and permeation results were 
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interpreted within the framework of the Mackie and Meares model and the solution-
diffusion model [23]. 
6.2 RESULTS AND DISCUSSION 
6.2.1 Water Sorption 
Water volume fraction values for the samples considered in this study were 
measured and reported elsewhere [31, 32].  As shown in Table 6.1 for a given value of n 
(i.e., number of EO units in PEGDA), water volume fraction measured in DI water 
increases as IEC increases, presumably due to enhanced polymer-water affinity as more 
hydrophilic fixed charge groups are present in the membrane [12, 32, 33].  Figure 6.1 
presents water volume fraction as a function of external NaCl concentration in samples 
prepared with PEGDA of n = 10.  At a given IEC value, as external salt concentration 
increases, water volume fraction decreases by about 7-12 % due to osmotic de-swelling, 
since water activity decreases in the external solution [23, 31-33]. 
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[g (water)/g (dry polymer)] 
𝝓𝒘 
b 




[mol/L (water sorbed)] 
13-0.44 0.989 ± 0.012 0.547 ± 0.003 0.444 ± 0.005 
13-1.40 1.346 ± 0.006 0.634 ± 0.002 1.036 ± 0.005 
    
10-0 0.581 ± 0.006 0.411 ± 0.004 0 
10-0.01 0.593 ± 0.014 0.418 ± 0.006 (1.69 ± 0.04)×10-2 
10-0.05 0.619 ± 0.003 0.429 ± 0.003 (8.40 ± 0.05)×10-2 
10-0.13 0.645 ± 0.004 0.440 ± 0.002 0.208 ± 0.005 
10-0.44 0.764 ± 0.009 0.487 ± 0.003 0.575 ± 0.007 
10-0.97 0.936 ± 0.014 0.546 ± 0.004 1.031 ± 0.015 
10-1.46 1.110 ± 0.024 0.593 ± 0.005 1.318 ± 0.029 
10-1.93 1.300 ± 0.018 0.633 ± 0.003 1.485 ± 0.021 
    
4-0.44 0.423 ± 0.007 0.353 ± 0.004 1.037 ± 0.017 
4-1.93 0.882 ± 0.010 0.544 ± 0.003 2.189 ± 0.025 
a 𝑤𝑢 is the pure water uptake (grams of water per g of dry polymer).   
b 𝜙𝑤 is pure water volume fraction in the swollen membrane (liter of water per L of swollen 
membrane), and it was calculated via 𝜙𝑤 = 𝑤𝑢/(𝑤𝑢 + 𝜌𝑤/𝜌𝑝) , where 𝜌𝑝 is the density of dry 
polymer [31, 32].   
c 𝐶𝐴
𝑚,𝑤
 is the fixed charge concentration, which was determined based on the theoretical IEC 
values and pure water uptake results via 𝐶𝐴






Figure 6.1  Water volume fraction as a function of external NaCl concentration in 
membranes prepared with PEGDA of n = 10.  The uncertainty, determined 
as the standard deviation from measurements made on at least six samples, 
was less than 5% of the average of these measurements. 
6.2.2 Ion Sorption 
6.2.2.1 Cl- Sorption 
Equilibrium Cl- (i.e., co-ion) concentrations in uncharged and charged membranes 
prepared with PEGDA of n = 13, 10, and 4 were reported elsewhere [31, 37].  As an 
example, Figure 6.2 (a) presents Cl- concentrations in selected membranes (i.e., n =10) as 
a function of external NaCl concentration, 𝐶𝑠
𝑠.  .  As 𝐶𝑠
𝑠 increases from 0.01 to 1 M, 
the sorbed Cl- concentration increases for all samples considered.  However, the rate of 
increase of 𝐶−
𝑚,𝑝 vs. 𝐶𝑠
𝑠 in uncharged and highly charged membranes are different.  For 
example, the Cl- concentration in the most highly charged membrane (IEC = 1.93 meq/g) 






















































This large increase in co-ion sorption is typical for charged membranes, due to strong 
Donnan exclusion at low 𝐶𝑠
𝑠 values and weakened Donnan exclusion at high 𝐶𝑠
𝑠 [18, 19].  
In contrast, the Cl- concentration in the uncharged membrane (labeled “0”) only increases 
by approximately two orders of magnitude, which is proportional to the increase in 𝐶𝑠
𝑠 
[18]. 
Figure 6.2  The dependence of: (a) sorbed Cl- concentration, ,m pC , and (b) NaCl 
sorption coefficient on external NaCl concentration in membranes prepared 
with PEGDA of n = 10.  The uncertainty, determined as the standard 
deviation from measurements made on at least six samples, was less than 
15% of the average of these measurements.  The p
sK  value of the 
uncharged membrane at ssC  = 0.1 M agrees with previous results reported 
for XLPEGDA membranes [34].   
Salt sorption coefficients were computed from the measured Cl- concentrations in 
the membranes via Eqn. (2.7).  Figure 6.2 (b) presents NaCl sorption coefficients, p
sK , 
as a function of external NaCl concentration.  The 𝐶𝑠
𝑠 dependence of p


















































































































and highly charged membranes is qualitatively different.  p
sK  values in the most highly 
charged membrane (IEC = 1.93 meq/g) exhibit significant variation with 𝐶𝑠
𝑠, while those 
of the uncharged membrane (IEC = 0) change relatively little with 𝐶𝑠
𝑠 , in qualitative 
agreement with the ideal Donnan model [i.e., 𝐶𝐴
𝑚 = 0 in Eqn. (2.8)] [18]. 
Figure 6.3 presents the dependence of experimental NaCl sorption coefficients on 
IEC values at fixed external NaCl concentrations of 0.01 and 1 M.  For comparison, 
theoretical NaCl sorption coefficients calculated using the Donnan/Manning model [Eqn. 
(2.14)] are also shown in Figure 6.3.  At the lowest salt concentration considered (i.e., 𝐶𝑠
𝑠 
= 0.01 M), NaCl sorption coefficients initially decrease by about one order of magnitude 
as IEC increases from 0 to 0.44 meq/g, presumably due to Donnan exclusion induced by 
increased fixed charge concentration in the membrane (cf. 𝐶𝐴
𝑚,𝑤
 in Table 6.1).  Then, 
p
sK  values are relatively constant at high IEC values (i.e., IEC > 0.44 meq/g).  These 
behaviors are qualitatively consistent with the model predictions [48].  That is, the 
Donnan exclusion effect is very sensitive to the change in fixed charge concentration when 
only low levels of fixed charges are introduced to the polymer network [37].  Further 
addition of fixed charges to an already highly charged polymer would promote co-ion 
exclusion to a lesser extent [37].  At the highest salt concentration considered (i.e., 𝐶𝑠
𝑠 = 
1 M), both experimental and theoretical p
sK  values depend relatively weakly on IEC and 
asymptotically approach that of the uncharged membrane (IEC = 0).  This phenomenon 
indicates the Donnan exclusion effect in charged membranes is greatly reduced at high 𝐶𝑠
𝑠, 




Figure 6.3  NaCl sorption coefficients as a function of IEC value (meq/g) at external 
NaCl concentrations of 0.01 and 1 M in membranes prepared with PEGDA 
of n = 10.  The filled symbols represent experimental sorption coefficients, 
and the dashed lines denote predicted salt sorption coefficients according to 
the Donnan/Manning theory [i.e., Eqn. (2.14)].  
The quantitative agreement between the experimental and theoretical values are 
good in membranes with higher IEC values (i.e., IEC > 0.44 meq/g), suggesting 
thermodynamic non-idealities in these membranes are governed by strong electrostatic 
interactions between fixed charges and ions that are captured by Manning’s counter-ion 
condensation theory [33].  For membranes with lower IEC values (i.e., IEC < 0.44 
meq/g), For membranes with lower IEC values (i.e., IEC < 0.44 meq/g), the experimental 
p
sK  values are below the model predictions, likely due to additional thermodynamic non-
idealities arising from unfavorable non-electrostatic interactions between polymer 















































6.2.2.2 Na+ Sorption 
Figure 6.4 presents the sorbed Na+ concentration (e.g., the counterion concentration 
in a CEM) as a function of external NaCl concentration, 𝐶𝑠
𝑠 .  For the uncharged 
membrane, the 𝐶𝑠
𝑠 dependence of 𝐶+
𝑚,𝑝
 resembles that of 𝐶−
𝑚 in Figure 6.2 (a), because 
the membrane contains equal numbers of Na+ and Cl- over the entire range of external NaCl 
concentrations to ensure electroneutrality in the membrane [18].   In contrast, the Na+ 
concentration in the membrane of IEC = 1.93 meq/g changes little with external NaCl 
concentration.  This weak 𝐶𝑠
𝑠  dependence of 𝐶+
𝑚,𝑝
 is typical for highly charged 
membranes [19], where the majority of the sorbed sodium ions are electrically balancing 





), so the 
concentration of sodium ions is relatively independent of 𝐶𝑠
𝑠  [31, 37].  For samples 
between these extremes (i.e., IEC of 0.01-1.46 meq/g), 𝐶+
𝑚,𝑝
 exhibits behavior 





Figure 6.4  The dependence of sorbed Na+ concentration, ,m pC , on external NaCl 
concentration in membranes prepared with PEGDA of n = 10.  The dashed 
lines were drawn to guide the eye.  The uncertainty, determined as the 
standard deviation from measurements made on at least six samples, was 
less than 10% of the average of these measurements. 
6.2.3 Ion Diffusion 
6.2.3.1 Na+ Diffusion 
The Na+ diffusion coefficients were computed from the measured ion 
concentrations, salt permeability coefficient, and membrane ionic conductivity values 
using the Nernst-Plank approach [cf. Eqn. (2.19)-(2.20)].  Figure 6.5 (a) presents Na+ 
diffusion coefficients as a function of upstream NaCl concentration.  For each membrane, 
Na+ diffusion coefficients are fairly constant at low NaCl concentrations (𝐶𝑠
𝑠 < 0.1 M).  
Then, 𝐷+
𝑚 values decrease by about 25-35% at high NaCl concentrations (𝐶𝑠
𝑠 > 0.1 M).  











































































similar to the trend of polymer water volume fraction (𝜙𝑤) in Figure 6.1.  Additionally, 
𝐷+
𝑚 values increase as IEC increases, similar to the increase in 𝜙𝑤 with increasing IEC 
(cf. Figure 6.1).  The similarities in the dependence of Na+ diffusion coefficients and 
water volume fraction on 𝐶𝑠
𝑠 and IEC can be qualitatively rationalized by the Mackie and 
Meares model [cf. Eqn. (2.17))], which predicts that ions diffuse faster in samples with 
higher water content. 
  
Figure 6.5  Na+ diffusion coefficients, 
mD , as a function of: (a) upstream NaCl 
concentration and (b) polymer water volume fraction in membranes 
prepared with PEGDA of n = 10.  The uncertainty, determined using the 
propagation error analysis [37], was less than 15% of the average 
mD  
value.  The dashed lines were drawn to guide the eye, and the solid line 
represents the Mackie and Meares model predictions [cf. Eqn. (2.17)].  The 
Na+ diffusion coefficient in external solution was taken as 13.3×10-6 cm2/s 
[38]. 
To quantatitively compare experimental and theoretical results, Figure 6.5 (b) 






















































































































in the membranes.  The experimental results are predicted well by the Mackie and Meares 
model over a wide range of 𝜙𝑤  values, regardless of whether 𝜙𝑤  was increased by 
adding fixed charges to the polymer backbone (i.e., varying IEC) or by osmotic de-swelling 
caused by the increase in external NaCl concentration.  Similar agreement was also found 
in other polymers prepared with PEGDA of n = 13 and n = 4 (cf. Appendix C). 
6.2.3.2 Cl- Diffusion 
The Cl- diffusion coefficients were determined via Eqn. (2.21) and presented in 
Figure 6.6 (a) as a function of upstream NaCl concentration.  For all membranes 
considered, decreasing IEC values and increasing upstream NaCl concentration lead to 
decreasing Cl- diffusion coefficients, primarily due to reduced water content in membranes 
with lower IEC values and in membranes equilibrated with more concentrated salt 
solutions.  These phenomena agree qualitatively with the Mackie and Meares model [cf. 
Eqn. (2.17)].  As shown in Figure 6.6 (a), 𝐷−
𝑚 values in the uncharged membrane depend 
somewhat more strongly on 𝐶𝑠
𝑠 relative to the weakly charged samples (i.e., IEC = 0.01-




Figure 6.6  Cl- diffusion coefficients, mD , as a function of: (a) external NaCl 
concentration and (b) polymer water volume fraction in membranes 
prepared with PEGDA of n = 10.  The uncertainty, determined using the 
propagation error analysis [37], was less than 25% of the average mD   
value.  The dashed lines were drawn to guide the eye, and solid lines 
represent the Mackie and Meares model predictions [cf. Eqn. (2.17)].  The 
Cl- diffusion coefficient in external solution was taken as 20.3×10-6 cm2/s 
[38].   
Figure 6.6 (b) presents experimental and theoretical 𝐷−
𝑚 values as a function of 
water volume fraction.  Given the simple nature of the Mackie and Meares model and that 
it contains no adjustable parameters, the agreement is reasonable.  Some deviation is 
observed in more highly charged samples for reasons we do not understand at this time.  
Recently, the effect of electrostatic interactions between fixed charges and ions on ion 
diffusion coefficient described by Manning’s model [24] was found to be small compared 















































































































[23].  Similar agreement was also obtained in polymers prepared with PEGDA of n = 13 
and n = 4 (cf. Appendix C). 
6.2.4 Salt Diffusion 
Salt diffusion coefficients, determined in concentration gradient driven transport, 
depend on the concentrations and diffusion coefficients of individual ions in the membrane 
[cf. Eqn. (2.21)], since every transported ion, driven by a concentration gradient across the 
membrane, must be electrically balanced by an ion of opposite charge.  Apparent salt 
diffusion coefficients, 〈?̅?𝑠
𝑚∗〉, were computed from experimental salt permeability and 
sorption coefficients via Eqn. (2.18).  〈?̅?𝑠
𝑚∗〉 values are presented in Figure 6.7 (a) as a 
function of upstream NaCl concentration.  For all samples, salt diffusion coefficients 
decrease with increasing 𝐶𝑠
𝑠  and decreasing IEC values, primarily due to reduced 
membrane water content under such conditions, in accordance with the Mackie and Meares 
model.  Interestingly, the 𝐶𝑠
𝑠 dependence of 〈?̅?𝑠
𝑚∗〉 for highly charged membranes (i.e., 
IEC > 0.44 meq/g) is nearly identical to that of the Cl- diffusion coefficients observed in 
Figure 6.6 (a).  This similarity can be rationalized as follows.  When a highly charged 
CEM is equilibrated with a relatively dilute NaCl solution, the sorbed counterion (Na+) 
concentration is much higher than that of co-ions (Cl-) due to Donnan exclusion (i.e., 
𝐶+
𝑚,𝑝 ≫ 𝐶−





Thus, salt diffusion coefficients in highly charged membranes in contact with dilute 




Figure 6.7  Apparent NaCl diffusion coefficients as a function of: (a) upstream NaCl 
concentration and (b) polymer water volume fraction in membranes 
prepared with PEGDA of n = 10.  The dashed lines were drawn to guide 
the eye, and the solid line represents the Mackie and Meares model 
predictions [cf. Eqn. (2.17)].  The uncertainty of 
*m
sD , determined using 
the propagation error analysis [37], was less than 15% of the average 
*m
sD value. 
In Figure 6.7 (b), the experimental 〈?̅?𝑠
𝑚∗〉  data are presented as function of 
polymer water volume fraction together with those predicted by the Mackie and Meares 
model [41].  Within the experimental uncertainty, the experimental salt diffusion 
coefficients are well described by the model with no adjustable parameters, suggesting salt 
diffusion coefficients are mainly affected by water content, similar to results reported 







































































































































of n = 13 and n = 4.  This approach provides a tool to predict salt diffusion coefficients, 
and therefore, salt permeability coefficients in such materials [23]. 
Figure 6.8 presents the dependence of experimental and theoretical salt diffusion 
coefficients on IEC at fixed external NaCl concentrations (0.01 and 1 M).  Increasing IEC 
value from 0 to 0.13 meq/g leads to a 50% increase in salt diffusion coefficients.  In 
contrast, as IEC increases from 0.44 to 1.93 meq/g, 〈?̅?𝑠
𝑚∗〉 values increase by roughly a 
factor of two, since polymer water content increases more significantly at high IEC values 
(i.e., IEC > 0.13 meq/g) than that at low IEC values (i.e., IEC < 0.13 meq/g), consistent 









Figure 6.8  Apparent NaCl diffusion coefficient as a function of IEC values (meq/g) at 
fixed upstream NaCl concentrations of 0.01 and 1 M in membranes prepared 
with PEGDA of n = 10.  The dashed lines denote the Mackie and Meares 
model prediction [cf. Eqn. (2.17)]. 
6.2.5 Salt Permeability 
Salt permeability coefficients, 〈𝑃𝑠〉, are presented as a function of upstream NaCl 
concentration in Figure 6.9 (a) and (b), respectively.  In Figure 6.9 (a), salt permeability 
coefficients of the uncharged membrane (i.e., IEC = 0) decrease by roughly 12% as 𝐶𝑠
𝑠 
increases from 0.01-1 M, similar to other XLPEGDA membranes [18].  The decreasing 
trend of 〈𝑃𝑠〉  with increasing 𝐶𝑠
𝑠  can be rationalized within the framework of the 
solution-diffusion model [i.e., 〈𝑃𝑠〉 = 𝐾𝑠〈?̅?𝑠
𝑚∗〉 ], which dictates that salt permeability 
coefficient is affected by both salt sorption and diffusion coefficients.  The salt sorption 
coefficient (𝐾𝑠) of the uncharged membrane is relatively constant over the entire range of 
𝐶𝑠
𝑠  values considered.  Thus, the 𝐶𝑠





















































by that of the salt diffusion coefficient (〈?̅?𝑠
𝑚∗〉), which decreases slightly as 𝐶𝑠
𝑠 increases, 
stemming from the reduced water content due to osmotic de-swelling at high 𝐶𝑠
𝑠 [18]. 
Figure 6.9  The influence of upstream NaCl concentration on salt permeability 
coefficients of: (a) uncharged and weakly charged membranes (i.e., IEC < 
0.44 meq/g) and (b) highly charged membranes (i.e., IEC > 0.44 meq/g).  
These membranes were prepared with PEGDA of n = 10.  The uncertainty, 
determined as the standard deviation from measurements made on at least 
six samples, was less than 15% of the average of these measurements.  The 
dashed lines were drawn to guide the eye.  The salt permeability 
coefficient value at s
sC = 0.1 M agrees results reported for XLPEGDA 
membranes [7, 12]. 
In Figure 6.9 (b), 〈𝑃𝑠〉 values of the most highly charged membrane (i.e., IEC = 
1.93 meq/g) exhibit a strong dependence on 𝐶𝑠
𝑠 , which is typical for highly charged 
membranes due to the influence of fixed charges on salt sorption [cf. Figure 6.2 (b)] [42, 
43].  For example, 𝐾𝑠 in the samples having an IEC value of 1.93 meq/g increases by 
about 2 orders of magnitude as 𝐶𝑠



















































































































𝑚∗〉  was observed over the same range of 𝐶𝑠
𝑠 .  Thus, the strong 𝐶𝑠
𝑠 
dependence of 〈𝑃𝑠〉 in this highly charged membrane is governed by that of 𝐾𝑠.  For all 
the other charged membranes (e.g., IEC = 0.01-1.46 meq/g), the dependence of 〈𝑃𝑠〉 on 
𝐶𝑠
𝑠  is in between the trends observed in the uncharged and most highly charged 
membranes. 
The dependence of experimental salt permeability coefficients on IEC values is 
shown in Figure 6.10.  Theoretical salt permeability coefficients were computed from the 
solution-diffusion model. Salt sorption coefficients were estimated using the 
Donnan/Manning approach and diffusion coefficients were estimated using the Mackie and 
Meares model.  Interestingly, at the lowest 𝐶𝑠
𝑠  value considered (i.e., 0.01 M), the 
experimental salt permeability coefficients decrease to a minimum followed by a slight 
increase (~20%) as IEC increases.  This phenomenon can be explained by the different 
dependences of 𝐾𝑠  and 〈?̅?𝑠
𝑚∗〉  on IEC, as shown in Figure 6.3 and Figure 6.8, 
respectively.  When 𝐶𝑠
𝑠  = 0.01 M and IEC values are below about 0.44 meq/g, NaCl 
sorption coefficients decrease significantly as IEC increases.  The decrease in 𝐾𝑠 is more 
dramatic at low IEC values (< 0.44 meq/g) than that observed at high IEC values (> 0.44 
meq/g).  Increases in IEC are accompanied by increases in water content, so salt diffusion 
coefficients increase with increasing IEC.  The increase in 〈?̅?𝑠
𝑚∗〉 is more pronounced at 
high IEC values (> 0.44 meq/g) than at lower IEC values (< 0.44 meq/g).  Consequently, 
the initial decrease in salt permeability coefficient with increasing IEC is primarily caused 
by the decrease in salt sorption coefficient, since the diffusion coefficient changes little at 
low IEC values.  Then, salt permeability coefficients reach a minimum and begin to 
increase with increasing IEC (i.e., > 0.44 meq/g), due to the increase in salt diffusion 
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coefficient in samples with higher water content.  These phenomena can be reasonably 
well described by the predictions of the Mackie/Meares and Donnan/Manning models at 
higher IEC values, but there are substantial discrepancies in the weakly charged samples, 
due to a failure in the Donnan/Manning model to describe sorption coefficients in these 
materials as discussed above. 
Figure 6.10 The influence of IEC values on salt permeability coefficients at fixed 
upstream NaCl concentrations of 0.01 and 1 M.  Dashed lines denote the 
product of theoretical salt sorption coefficients estimated by the ideal 
Donnan theory [cf. Eqn. (2.7)] and salt diffusion coefficients estimated by 
the Mackie and Meares model [cf. Eqn. (2.17)]. 
In contrast, when 𝐶𝑠
𝑠 = 1 M, salt permeability coefficients increase monotonically 
with increasing IEC.  The IEC dependence of salt permeability coefficient at high 𝐶𝑠
𝑠 is 
mainly governed by the salt diffusion coefficient, since salt solubility in the membrane is 
relatively independent of IEC at high 𝐶𝑠
𝑠  [cf. Figure 6.3].  Thus, 〈𝑃𝑠〉  increases 
essentially in the same fashion as 〈?̅?𝑠
𝑚∗〉 with increasing IEC values when 𝐶𝑠























































6.2.6 Membrane Ionic Conductivity 
Membrane ionic conductivity, 𝜅 , depends on ion concentrations and diffusion 
coefficients in the membrane, as set forth in Eqn. (2.19).  Figure 6.11 (a) presents 
membrane ionic conductivity values as a function of NaCl content in the external solution.  
The 𝐶𝑠
𝑠 dependence of 𝜅 is qualitatively similar to that of the sorbed Na+ concentration 
in the membrane (cf. Figure 6.4).  When a CEM is equilibrated with a relatively dilute 
NaCl solution, 𝐶+
𝑚,𝑝 ≫ 𝐶−








where 𝜅  depends mainly on the counterion concentrations and diffusion coefficients.  
The counterions are more numerous in the samples than the co-ions, so they carry most of 
the current [12].  As 𝐶𝑠
𝑠 increases from 0.01 to 1 M, 𝐶+
𝑚,𝑝
 is relatively constant in the 
most highly charged membrane (i.e., IEC = 1.93 meq/g), as shown in Figure 6.4.  𝐷+
𝑚 of 
this sample also changes little with 𝐶𝑠
𝑠  due to relatively constant water content in the 
membrane [cf. Figure 6.6 (a)].  Consequently, 𝜅 is essentially independent of 𝐶𝑠
𝑠 in the 




Figure 6.11 The influence of: (a) external NaCl concentration and (b) sorbed Na+ 
concentration on membrane ionic conductivity in membranes prepared with 
PEGDA of n = 10.  The uncertainty, determined as the standard deviation 
from measurements made on at least six samples, was less than 25% of the 
average of these measurements.  The dashed lines were drawn to guide the 
eye.   
Unlike the highly charged membrane, the uncharged membrane’s 𝜅  value 
increases by orders of magnitude as 𝐶𝑠
𝑠 increases, which is qualitatively similar to the 
trend of 𝐶+
𝑚 with increasing 𝐶𝑠
𝑠 in this sample (cf. Figure 6.4).  As mentioned earlier, 
equal numbers of Na+ and Cl- sorb in the uncharged membrane to maintain electroneutrality 
(i.e., 𝐶+
𝑚,𝑝 = 𝐶−








where the sorbed salt concentration (𝐶𝑠
𝑚,𝑝 = 𝐶+
𝑚,𝑝 = 𝐶−
𝑚,𝑝) and both Na+ and Cl- diffusion 
coefficients contribute to the membrane conductivity. Since 𝐶𝑠
𝑚,𝑝
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membrane has a relatively strong dependence on 𝐶𝑠
𝑠 , as shown in Figure 6.4, and ion 
diffusion coefficients are only weakly dependent on 𝐶𝑠
𝑠 [cf. Figure 6.5 (a) and Figure 6.6 
(a)], the strong 𝐶𝑠
𝑠 dependence of 𝜅 of the uncharged membrane is dictated by that of 
𝐶𝑠
𝑚. 
Motivated by Eqn. (6.2)-(6.3), experimental 𝜅 values are presented in Figure 6.11 
(b) as a function of the sorbed Na+ concentration in the membrane.  Figure 6.11 (b) shows 
a good correlation between ionic conductivity and Na+ concentration in almost all the 
membranes studied.  Ionic conductivity values can be predicted from Eqn. (2.20). where 
Na+ and Cl- diffusion coefficients were estimated using the Mackie and Mears model, Cl- 
concentrations were estimated using the Donnan/Manning model, and Na+ concentrations 
were computed using Eqn. (2.4).  Membrane fixed charge concentration at each external 
NaCl concentration was estimated using the IEC and water uptake values, as reported 
elsewhere [32].  Figure 6.12 shows the predicted and measured ionic conductivity results 
in a parity plot.  A reasonably good agreement is found between theoretical and 
experimental 𝜅 values, since no adjustable parameters are used.  Some deviations are 
evident in uncharged and weakly charged samples (i.e., IEC < 0.05), since the Cl- 
concentrations in such materials cannot be accurately predicted by the Donnan/Manning 
model, which was designed for highly charged materials [31].  Minor discrepancy is also 
found in highly charged samples (i.e., IEC >1.46), which may be due to the effect of 




Figure 6.12 The influence of: (a) external NaCl concentration and (b) sorbed Na+ 
concentration on membrane ionic conductivity in membranes prepared with 
PEGDA of n = 10.  The uncertainty, determined as the standard deviation 
from measurements made on at least six samples, was less than 25% of the 
average of these measurements.  The dashed lines were drawn to guide the 
eye. 
6.3 CONCLUSIONS 
Sorbed ion concentration, salt permeability, and ionic conductivity in a series of 
uncharged and charged samples were characterized.  Ion diffusion coefficients were 
calculated from these data.  Diffusion coefficients were mainly affected by the sample’s 
water volume fraction, which is consistent with the Mackie and Meares model.  Model 
predictions for Na+ diffusion coefficients agree remarkably well with the experimental 
results.  Reasonable agreement was also found between experimental and theoretical Cl- 











































deviations were observed in highly charged membranes, likely due to interactions between 
polymer and ions that are not captured by the Mackie and Meares model.  
Salt permeability coefficients depend on salt sorption and diffusion coefficients.  
The salt concentration dependence of the salt permeability in uncharged membranes was 
mainly influenced by salt diffusivity and that in charged membranes was dominated by salt 
solubility.  The increase in polymer IEC is often accompanied by simultaneous increases 
in fixed charge concentration and water content.  When a membrane is equilibrated with 
a dilute electrolyte solution, as IEC increases, salt permeability first decreases due to the 
depression in salt solubility caused by Donnan exclusion.  Then, salt permeability 
increases slightly owing to the enhancement in salt diffusivity induced by higher water 
content in the membrane at higher IEC values.   
Membrane ionic conductivity depends on sorbed ion concentration and diffusion 
coefficients in the membrane.  The dependence of membrane ionic conductivity on 
external NaCl concentration correlates well with the sorbed counterion concentration.  
Reasonably good agreement was found between experimental and predicted ionic 
conductivity values.  Some discrepancy was evident in uncharged and weakly charged 
samples, since the Donnan/Manning model only describes ion sorption well in highly 
charged sample but fails in samples that are uncharged or weakly charged. 
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Chapter 7:  Conclusions and Recommendations 
7.1 CONCLUSIONS 
The goal of this project is to establish a baseline for the relationship between the 
polymer membrane architecture (e.g., fixed charge concentration, water content, backbone 
structure) and ion transport (e.g., ion sorption, ion diffusion) properties. Such a relationship 
will allow for a better understanding of the optimization of next generation membranes.   
Chapter 4 reported water and ion sorption properties in charged membranes with 
charge densities systematically controlled, leading to a better understanding of the 
fundamental structure/property relations in such materials.  As ion exchange capacity 
(IEC) increased, both water and counter-ion (Na+) sorption increased.  Co-ion (Cl-) 
sorption decreased markedly as IEC increased slightly, suggesting that even low levels of 
fixed charges (IEC value of 0.01 meq/g) exclude co-ions significantly.  However, Cl- 
sorption became independent of charge density at IEC values of 0.97 meq/g and higher.  
Experimental values for sorbed Cl- concentrations deviated from those obtained via ideal 
Donnan model due to non-idealities of ion activity coefficients in the solution and 
membrane phases.    
Chapter 5 seeked to isolate the effects of water content and charge density on ion 
sorption properties of charged membranes.  At constant charge density, the sorbed mobile 
salt concentration increases as membrane water content increases.  At fixed water content, 
mobile salt sorption decreases as charge density increases.  Salt sorption in the 
membranes with the highest water content or charge density could be predicted after 
accounting for the non-idealities in solution and in the membrane.  However, this 
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approach fails for less hydrated or weakly charged membranes due to more pronounced 
thermodynamic non-idealities introduced by the uncharged polymer segments.   
The influence of incorporating fixed charges to the polymer on salt permeability, 
ionic conductivity, and ion diffusion coefficients is reported in Chapter 6.  The polymer’s 
fixed charge group concentration was systematically varied by adjusting the content of 
charged monomers in the polymer.  Salt permeability and ionic conductivity in uncharged 
and charged membranes were measured in a consistent, unified manner.  These properties 
were determined as a function of NaCl solution concentrations (0.01-1 M).  Combining 
the Solution-Diffusion model and Nernst-Plank equation, individual ion (i.e., Na+, Cl-) 
diffusion coefficients were obtained.  Na+ diffusion coefficients could be described by 
Meares’ tortuosity model remarkably well in all the membranes studied.  Model 
predictions for Cl- diffusion coefficients agree reasonably with the experimental values.  
Minor deviations were evident in more highly charged membranes.  These discrepancies 
might be a result of the interactions omitted by Meares’ model (e.g., fixed charges-ion, ion-
ion, etc.).   
7.2 RECOMMENDATIONS FOR FUTURE WORK 
7.2.1 Theoretical Model for Ion Activity Coefficients in Uncharged Polymers 
Currently, the fundamental underpinning of the uncharged membrane non-
idealities (i.e., high ion activity coefficients) is unclear due, in part, to the lack of tools that 
can experimentally determine ion activity coefficients in the membranes.  Thus, some 
examples of elevated ion activity coefficients observed in aqueous solutions (i.e., ion 
activity coefficients are experimentally accessible) with added organic chemicals (e.g., 
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analogous to a polymer-ion-water system) are presented here.  The first example is the 
formamide-NaCl-water mixture, in which the NaCl activity coefficients systematically 
increase as the formamide content increases from 0 to 80 wt% in the mixture [1].  The 
increase in ion activity coefficients was ascribed to the weakened ion-ion interactions in 
the NaCl solution due to the high dielectric constant of formamide (~110) [1].  As 
illustrated in Coulomb’s law, the electrical force between ionic species decreases as the 
dielectric constant increases [2].  Thus, depression in ion-ion interactions (favorable for 
ions to stay in solution) increases the free energy of the system, resulting in higher ion 
activity coefficients [3].  However, different from formamide, the dielectric constant of 
XLPEGDA polymers is documented to be approximately10~12 [4], which is less than that 
of bulk water (~78).  Thus the dielectric constant of a polymer-water mixture would be 
lower than that of bulk water, thereby reducing the ion activity coefficients [5].  However, 
the opposite phenomenon is observed in uncharged membranes, whose ion activity 
coefficients are often higher than that of solution.  Such behavior cannot be explained 
solely based on changes in the dielectric constant. 
Another example is a sugar-NaCl-water mixture, which exhibits higher NaCl 
activity coefficients as the sugar concentration increases, because the sugar molecules 
compete with ions for water via a polar-polar interaction [6].  Similarly, PEGDA chain 
contains a considerable amount of ethylene oxide (EO) groups (>80 wt%), which are polar 
and attractive to water molecules as well [7].  Recent DSC results show approximately 
2~3 water molecules are tightly bound to one EO group in XLPEGDA [8].  This 
‘association’ between EO groups and water could potentially cause insufficient “free” 
water for ion solvation.  This hypothesis is reasonable since a similar water scarcity 
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scenario has caused NaCl ion activity coefficients increase in electrolyte solutions [9].  
That is, the NaCl activity coefficients increase from 0.4 to 1 as NaCl concentration 
increases from 1 to 5.3 M (saturation), suggesting a less favored environment for ions to 
stay at saturation than at 1 M [10].  The higher activity coefficients at saturation has been 
ascribed to the limited “free” water for ion solvation.  For instance, there are 
approximately 55 mol of water molecules in 1 L of aqueous solution, and it takes almost 
half of the water molecules to solvate 5 mol of NaCl molecules (i.e., the average reported 
hydration number for NaCl is about 6) [9].  The reduction in “free” water could disturb 
the favorable ion-ion interactions and increase the free energy as well as ion activity 
coefficients of the solution [9]. Similar situations are also found in XLPEGDA membranes 
as shown in Chapter 5.   
Modeling efforts considering ion-water interactions have successfully described the 
increase of ion activity coefficients in concentrated electrolyte solutions [11].  However, 
due to the limited studies regarding ion activity coefficients in uncharged membranes 
together with a lack of theoretical framework guiding the analysis, the explicit interactions 
(e.g., polymer-ion, water-ion, and/or polymer-water) occurring in uncharged membranes 
remain unknown.  More advanced thermodynamic treatment are needed to elucidate 
which of these interactions, or combinations of these interactions, are major contributors 
to the non-idealities in uncharged membranes 
7.2.2 Influence of Electro-osmotic Water Flow on Ion Diffusion 
As mentioned in Chapter 7, experimental Na+ (i.e., counter-ions for CEMs) 
diffusion coefficients were well described by the Mackie and Meares model.  However, 
many previous studies used radioactive tracers to determine membrane counter-ion 
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diffusion coefficients, whose values were found lower than the theoretical prediction of 
Mackie and Meares model [12].  This discrepancy was often ascribed to the electrostatic 
interactions between fixed charges and counter-ions [13].  However, recent studies have 
verified that the interactions between fixed charges and counter-ions have little impact on 
ion diffusion rates, even for highly charged membranes [14].  Some authors also claimed 
the diffusion rates obtained from the tracer method should be lower than those obtained 
from the ionic conductivity measurements, since electro-osmotic water flow involved in 
such tests often assists counter-ion diffusion [15], which might fortuitously bring counter-
ion diffusion coefficients closer to the model predictions.  A quantitative analysis on this 
aspect needs experimentally determining the electro-osmotic water flux and correct for the 
its effect on individual ion diffusion coefficient. 
7.2.3 Explore Membrane Chemistry on Ion Transport Properties 
Studies exploring how different polymer chemistry influences water and ion 
transport characteristics is of great interest.  This work has extensively investigated three 
series of polymers based on PEGDA and AMPS.  However, due to the hydrophilicity of 
PEGDA, highly charged polymers are often fragile.  Thus, replacing PEGDA with more 
hydrophobic monomers that have similar backbone architecture can effectively generate a 
more broad range of charged polymers, enabling investigations on the effect of membrane 
chemistry on ion transport properties.  Tables 3 and 4 list possible crosslinkers and 
monomers that could be used to produce additional series of sulfonated crosslinked 
hydrogel polymers.  A shorter crosslinker will increase the degree of crosslinking and 
lower the water uptake of the membrane, while the introduction of a more hydrophobic 
crosslinker or monomer will reduce the water uptake of the membrane. 
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Table 7.2  Alternative monomers that could be used. 
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Appendix A: Supporting Information for Chapter 44 
A.1 ATR-FTIR ANALYSIS 
Figure A.1 (a) presents the FTIR spectrum of the copolymer XL(AMPS-PEGDA) 
(40 wt% AMPS) compared to that of the comonomer AMPS and cross-linker PEGDA.  In 
the spectrum of the copolymer, the disappearance of bands at 809 cm-1 (CH2=CH 
twisting/wagging) [1-3], 1189 cm-1 (acrylate C=O stretching) [1, 4], 1636 cm-1 (CH2=CH 
stretching) [2, 5, 6], and 1407 cm-1 (deformation of CH2=CH) [1, 7] suggests complete 
acrylate conversion of PEGDA in the polymer.  The decrease of absorption peaks in the 
copolymer at about 920 and 980 cm-1 indicates the disappearance of double bonds in AMPS 
[7, 8]. 
                                                 
4 This chapter has been adapted from: Yan, N., Paul, D.R., Freeman, B.D., Water and ion sorption in a series 
of cross-linked AMPS/PEGDA hydrogel membranes (in preparation).  Yan, N. made the major 





Figure A.1  FTIR spectra of: (a) copolymer XL(AMPS-PEGDA), comonomer AMPS, 
and cross-linker PEGDA, (b) XL(AMPS-PEGDA) with varied AMPS 
content (wt%): a-0, b-0.2, c-1, d-3, e-9, f-20, g-30, h-40, (c) two surfaces of 
a XL(AMPS-PEGDA) film and the subtraction spectrum between them, and 
(d) two XL(AMPS-PEGDA) films of different thickness and the subtraction 
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The structure of the copolymer XL(AMPS-PEGDA) can be verified by the FTIR 
spectra shown in Figure A.1 (a).  The two characteristic absorption peaks for PEGDA at 
1720 cm-1 (ester C=O stretching) [9-11] and 1097 cm-1 (ether C-O-C stretching) [12-14] 
appear in the spectrum of the copolymer.  Moreover, the typical absorption peaks for 
AMPS at 1656 and 1611 cm-1 (amide I, C=O stretching) [15, 16], 1550 cm-1 (amide II, N-
H bending) [17-19], 1075 cm-1 (-SO3H, S=O stretching) [20-24] are also evident in the 
spectrum of the copolymer.  This evidence confirms the presence of AMPS and PEGDA 
in the copolymer.  Figure S1 (b) depicts the FTIR spectra of films with different AMPS 
content.  The spectrum of XLPEGDA (0 wt% AMPS) is consistent with that reported in 
previous studies [25].  Superimposing the spectra shows that the intensity of the 
characteristic peaks is a function of the monomer composition in the copolymer.  When 
AMPS content is low (0.2 wt%, IEC of 0.01 meq/g), the characteristic amide groups peaks 
are weak.  The intensity of the peaks (e.g., amide I and II, and the sulfonic acid group) 
corresponding to the AMPS moiety increases with increasing AMPS content in the 
copolymer.  Additionally, the decrease of AMPS content in the copolymer is 
accompanied by an enhancement of the peaks (e.g., ester and ether groups) arising from 
the PEGDA moiety. 
Figure A.1 (c) presents a comparison of the spectra of a typical copolymer’s top 
and bottom surfaces.  During copolymerization, UV light reaches the top surface of the 
membrane first and travels through the depth of the membrane [1].   For a membrane 
with a thickness of about 500 𝜇m, there is an insignificant difference between the two 
surfaces, which implies that UV light has been able to reach the bottom surface to initiate 
the copolymerization.  As presented in Figure A.1 (d), from comparing the spectra of the 
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same polymer cast with thickness of 500 𝜇m and 200 𝜇m, the difference between the two 
spectra is negligible.  Therefore, the copolymerization effectiveness is independent of 
membrane thickness over the thickness range considered.  
A.2 THERMAL ANALYSIS 
Thermal stabilities of the polymers were investigated by thermogravimetric 
analysis (TGA) in a nitrogen stream.  Figure A.2 presents the TGA curves of the 
homopolymers XLPEGDA, PAMPS, and the copolymer XL(AMPS-PEGDA) (40 wt% 
AMPS).  As seen in Figure A.2, the scan of XLPEGDA shows only one degradation step 
in the temperature range from 230 to 480 ℃ , after which the weight loss change is 
negligible [2].  However, the TGA curves of PAMPS and the copolymer show a multi-
stage decomposition procedure.  The initial 6% weight loss occurs before 185 ℃, which 
may be due to the evaporation of moisture (e.g., water bound to the sulfonic acid group) 
[3].  The second weight loss stage (185-260 ℃) is mainly ascribed to the cleavage of 
weak cross-links and the decomposition of amide groups [4, 5].  The polymers decompose 
in a single step above 260 ℃ due to the loss of sulfonic acid groups and the scission of 
the main chain of PEGDA, then followed by the breaking of primary chemical bonds (e.g., 




Figure A.2  TGA profiles of homopolymers XLPEGDA, PAMPS, and copolymer 
XL(AMPS-PEGDA) with 40 wt% AMPS. 
The DSC thermograms of the homopolymers XLPEGDA, PAMPS, and the 
copolymers are collected in Figure A.3.  The onset, midpoint, and endpoint temperature 
of the glass transition of each polymer are recorded in Table S1.  The midpoint of the heat 
capacity change was reported as 𝑇𝑔, which for the homopolymers XLPEGDA and PAMPS 
were found to be -23 ℃ and  118 ℃, in agreement with literature values [6].  The 
literature reported 𝑇𝑔 values of linear PAMPS ranges from 67 ℃ to 126 ℃ [5, 7-16] 
due to differences in polymer preparation, molecular weight, and measurement method [6, 
17].  The glass transition in PAMPS was found to be rather broad and weak, which could 
be due to the low heat capacity change associated with its glass transition [15, 18].  




















Figure A.3  DSC thermograms (second heating scan) are displaced vertically for clarity.  
The midpoint of the glass transition in each polymer was identified.   
The thermomechanical properties of the homopolymer XLPEGDA and select 
copolymers are presented in Figure A.4.  The thermomechanical characteristic of the 
linear polymer PAMPS could not be obtained due to its powder state.  Table A.1 also 
presents the onset temperature of storage modulus (𝐸′), peak temperature of loss modulus 
(𝐸′′), and peak temperature of loss tangent (tan 𝛿).  The difference in 𝑇𝑔s between DSC 
and DMA values is in a reasonable range that has been found in other PEG-based and/or 
sulfonated polymers [19-23]. 






























Figure A.4:  DMA tan 𝛿-temperature curves (frequency = 1 Hz, heating rate = 2 
℃/min) in polymers with varied AMPS content (wt %).  Select DMA scans 
(i.e. AMPS content 0.2-3 wt%) are not shown for clarity.  The arrows point 
at the peak of the tan 𝛿-temperature curve.  
The homogeneity of a copolymer can be probed by DSC as well as DMA, the latter 
being a more sensitive technique to detect segmental chain motions than DSC [20, 24].  
Generally, the detection of two glass transitions corresponding to those of the component 
homopolymers could be caused by partial or complete phase separation [25].  The single 
𝑇𝑔 of all the copolymers located between the 𝑇𝑔s of the two component homopolymers 
suggests homogeneity of the copolymers studied here [26-28].  In addition, the 𝑇𝑔 of a 
homogeneous polymer can be greatly influenced by the copolymer composition [8, 22].  
As demonstrated in Figure A.3, Figure A.4, and Table A.1, 𝑇𝑔s, assigned as the midpoint 
(DSC) and tan 𝛿  peak (DMA) of the glass transition, progressively shift to higher 




















Table A.1  The onset, midpoint, and endpoint temperatures of the glass transition (DSC) 
and the onset temperature of the storage modulus ( E ), the peak 
temperature of the loss modulus ( E ) and loss tangent (tan 𝛿) of the glass 
transition (DMA).  
gT s of the polymers were determined as the midpoint 
temperature of the glass transition (DSC) and the peak temperature of the 
tan 𝛿-temperature curve (DMA).  
a ∆𝑇 = 𝑇𝑒𝑛𝑑𝑝𝑜𝑖𝑛𝑡 − 𝑇𝑜𝑛𝑠𝑒𝑡. 
b Not distinguishable 
 
The mechanical relaxation characterized by tan δ-temperature curve shows an 
evident “shoulder” between -25 ℃ to 15 ℃.  This ‘shoulder’ only exists in the 
copolymers as AMPS content increases to 20 wt% and higher.  It is not detected in the 
XLPEGDA homopolymer.  This phenomenon has been observed in other hydrophilic 
PEO-based and/or sulfonated polymers [44, 45], and may suggest occurrence of a 
secondary relaxation (e.g., localized bond movements, side chain movements) as the 
material warms and expands.  This relaxation could involve the release of small amounts 
of water bound to the relaxed polymer chains [42, 45, 51].  Therefore, these ‘shoulders’ 
AMPS 
[wt%] 










∆𝑇 [℃]a  
Temp at 
𝐸𝑜𝑛𝑠𝑒𝑡
′  [℃] 
Temp at 
𝐸𝑝𝑒𝑎𝑘
′′  [℃] 
Temp at 
tan 𝛿𝑝𝑒𝑎𝑘 [℃] 
0 -30 -23 -20 10  -31 -30 -22 
0.2 -30 -23 -19 11  -31 -30 -22 
1 -29 -22 -18 11  -30 -29 -21 
3 -28 -20 -16 12  -27 -26 -18 
9 -24 -14 -8 16  -21 -19 -10 
20 -16 0 15 31  -8 -8 10 
30 -7 14 43 50  7 b 41 
40 6 42 72 66  41 60 75 
100 87 118 132 46  - - - 
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could be attributed to the moisture bound to the hydrophilic sulfonate groups in AMPS 
and/or the relaxation related to AMPS component in the copolymer. 
The 𝑇𝑔 of a copolymer can be estimated by an empirical rule of mixtures model 
assuming no interaction between the components [29].  The dependence of 𝑇𝑔 on the 
copolymer composition and the 𝑇𝑔s of the respective homopolymers is described by the 
following equation [29]:  
 𝑇𝑔 = 𝑤1𝑇𝑔,1 + 𝑤2𝑇𝑔,2 (A.1) 
where 𝑤1 and 𝑤2 are the mass fractions of the two components in the copolymer, 
𝑇𝑔,1, and 𝑇𝑔,2 are the glass transition temperatures of the pure component homopolymer, 
respectively.  With the experimentally measured 𝑇𝑔s of XLPEGDA and PAMPS, the 
copolymer’s glass transition temperature can be estimated using Eqn. (A.1).  The 
experimental 𝑇𝑔s are in reasonable agreement with the model predictions as shown in 




Figure A.5  Dependence of 
gT s measured by DSC on polymer composition.  The 
dashed line is the estimate based on the rule of mixtures.  
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Appendix B: Supporting Information for Chapter 55 
B.1 WATER UPTAKE AND FIXED CHARGE CONCENTRATION 
Equilibrium pure water uptake in three series of uncharged and charged membranes 
is presented as a function of IEC value in in Figure B.1.  For each series of membranes 
(i.e., prepared using the same PEGDA chain length), 𝑤𝑢 increases by roughly 20-40% as 
IEC increases.  An IEC increase is often accompanied by an increase in polymer-water 
affinity and a decrease in polymer cross-link density, 𝑣𝑡  [1].  However, the level of 
decrease in 𝑣𝑡 (i.e., 30-40%) for each series of membranes has a negligible effect on water 
uptake, based on predictions of the Flory-Rehner theory [2, 3].  Thus, the increase in 𝑤𝑢 
with increasing IEC is mainly caused by increases in polymer hydrophilicity. 
 
   
                                                 
5 This chapter has been adapted from: Yan, N., Kamcev, J., Galizia, M., Jang E.S., Paul, D.R., Freeman, 
B.D., Influence of fixed charge concentration and wataer uptake on ion sorption in AMPS/PEGDA 
membranes (in preparation).  Yan, N. made the major contributions to this chapter. 
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Figure B.1  The dependence of water uptake on IEC.  Dashed lines were drawn to 
guide the eye.  The water uptake values were measured by equilibrating the 
samples in DI water. 
Among membranes having constant IEC, 𝑤𝑢  increases by a factor of 2~4 as 
PEGDA chain length, n, increases from 4 to 13.  Increases in n reduce polymer cross-link 
density, providing less elasticity to restrict membrane swelling, and increase the 
concentration of hydrophilic ethylene oxide groups [4, 5].  Based on the Flory-Rehner 
model, about 80% of this increase is due to the enhanced polymer hydrophilicity (i.e., the 
Flory polymer-water interaction parameter decreases), and 20% is caused by the reduction 
in 𝑣𝑡 [2].   
Figure B.2 shows the membrane fixed charge concentration, 𝐶𝐴
𝑚, correlated with 




).  Thus, at a given PEGDA chain length (i.e., n), 
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𝑤𝑢 [6].  For polymers having the same IEC, their 𝐶𝐴
𝑚 decreases as n increases, mainly 
due to the increase in polymer water uptake [1].   
 
 
Figure B.2  The influence of: (a) IEC and (b) water uptake on fixed charge 
concentration.  
B.2 CHARGE DISTANCE 
The average distance between successive fixed charges on the polymer chain can 
be estimated based on the polymer composition.  The XL(AMPS-PEGDA) membranes 
considered in this study are all transparent and likely homogeneous [6].  The polymer 
chains are assumed to be extended between cross-links, and the charged groups are 
uniformly distributed along the polymer chain as envisioned in Manning’s model [7].  













































































































(AMPS) can be determined from the mass ratio of PEGDA/AMPS and their corresponding 
molecular weights.  For example, the dry polymer of sample 4-2.18 (i.e., a polymer 
having an IEC value of 2.18 meq/g cross-linked with PEGDA of n = 4) contains 9.76 g of 
AMPS and 8 g of PEGDA.  Thus, the molar ratio of PEGDA/AMPS is about 1:1, 
indicating there is approximately one PEGDA molecule for each AMPS molecule.  
Figure B.3 provides a schematic of the possible distance between two fixed charge groups 
(-SO3H) assuming a representative segment of the polymer network is in a zig-zag 
conformation [7].  Since the projected distance is about 2.5 Å for the C-C-C bond and 2.1 
Å for C-O-C bond [8], the estimated distance between neighboring -SO3H groups (i.e., the 
projected distance of the red chain segment in ) is about 21 Å for the sample 4-2.18.  The 
dielectric constant, 𝜀, in the swollen polymer is estimated as the sum of the dielectric 
constants of pure water (~78 at ambient conditions) and XLPEGDA (~12) [9] multiplied 
by their volume fractions in the swollen polymer, as described elsewhere [7].  Thus, the 
calculated 𝜉 value using Eqn. (2.12) for sample 4-2.18 is 0.53.  The other calculated 𝑏, 
𝜀, 𝜆𝐵, and 𝜉 values were calculated similarly and are recorded in Table 5.1. 
 
 
Figure B.3  A segment chain between two charged groups in a zig-zag conformation. 
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B.3 THEORETICAL PREDICATIONS BY DONNAN AND MANNING THEORIES 
From Eqs. (2.13)-(2.14), membrane mobile salt sorption coefficient, 𝐾𝑠, and ion 
activity coefficients, 𝛾+
𝑚𝛾−
𝑚 , depend on external salt concentration, 𝐶𝑠
𝑠 , fixed charge 
concentration, 𝐶𝐴
𝑚 , and 𝜉 (i.e., fixed charge distribution) [10].  When 𝐶𝑠
𝑠  and 𝜉 are 
held constant, the effect of 𝐶𝐴
𝑚 on ion sorption and activity coefficients can be examined.  
Thus, Eqs. (2.13)-(2.14) were numerically solved for 𝐾𝑠  and 𝛾+
𝑚𝛾−
𝑚 in four variously 
charged membranes at constant 𝜉 (𝜉 = 0.1, no counter-ion condensation).  The results 
are presented in Figure B.4 (a) and (b), respectively.  𝐶𝐴
𝑚 varies from 0.01 to 10 mol/L 
(water sorbed), within the range typically reported in literature [11].  For each membrane, 
𝐶𝐴
𝑚 is assumed to be independent of 𝐶𝑠
𝑠 (i.e., membrane volume is constant) [12]. 
Figure B.4 (a) shows 𝐾𝑠 as a function of 𝐶𝑠
𝑠 in membranes having the same 𝜉 
but different 𝐶𝐴
𝑚 .  As 𝐶𝐴
𝑚  increases from 0.01 to 10 mol/L (water sorbed), 𝐾𝑠 
decreases by 3 orders of magnitude, presumably due to stronger co-ion exclusion effect 
[12].  As mentioned earlier, co-ion exclusion effect depends on Donnan potential at the 
membrane/solution interface [1].  Based on Donnan theory, higher 𝐶𝐴
𝑚  can increase 
Donnan potential (at constant 𝐶𝑠
𝑠), which promotes co-ion exclusion [1, 13].  For all the 
membranes, 𝐾𝑠 appears to increase with increasing 𝐶𝑠
𝑠.  However, the dependence of 
𝐾𝑠  on 𝐶𝑠
𝑠  varies with 𝐶𝐴
𝑚  value.  For example, at high 𝐶𝐴
𝑚  [e.g., 10 mol/L (water 
sorbed)], 𝐾𝑠 increases exponentially as 𝐶𝑠
𝑠 increases, due to weakened co-ion exclusion 
effect at high 𝐶𝑠
𝑠 [6, 14].  This behavior is typical for charged membranes [10, 14].  At 
high 𝐶𝑠
𝑠, fixed charges are “screened” by ions, resulting in less effective 𝐶𝐴
𝑚 and co-ion 
exclusion [10, 14].  In contrast, at low 𝐶𝐴
𝑚 [e.g., 0.01 mol/L (sorbed water)], 𝐾𝑠 is about 
one over the entire range of 𝐶𝑠
𝑠.  In this case (𝐶𝐴
𝑚 ≤ 𝐶𝑠
𝑠), co-ion exclusion is no longer 
effective due to the “screening” effect.  Consequently, this membrane behaves like an 
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uncharged membrane, where the salt concentrations are equal in the membrane and 




𝑠 → 0 in Eqn. (2.8)] [14]. 
Figure B.4  Calculated (a) mobile salt sorption coefficients and (b) ion activity 
coefficients as a function of the external NaCl concentration in four 
imaginary membranes having constant   of value 0.1 and different fixed 
charge concentrations [mol/L (water sorbed)]. 
Figure B.4 (b) plots 𝛾+
𝑚𝛾−
𝑚 as a function 𝐶𝑠
𝑠 in the membranes at constant 𝜉 [cf. 
Eqn. (2.14)].  𝛾+
𝑚𝛾−
𝑚  can characterize non-ideal ion behaviors in membranes.  Non-
idealities typically arise when ions interact with other species (e.g., ion-ion, polyion-ion, 
etc.).  A phase is considered ideal if no interactions are present (i.e., 𝛾+
𝑚𝛾−
𝑚  = 1).  
Normally, 𝛾+
𝑚𝛾−
𝑚 < 1 means ions are attracted to the membrane.  Oppositely, 𝛾+
𝑚𝛾−
𝑚 >
1 means ions are excluded from the membrane.  As shown in Figure B.4 (b), all predicted 
𝛾+
𝑚𝛾−
𝑚 values are below one.  The deviation of membrane ion activity coefficients from 























































































fixed charges on the polymer chain [15].  Studies show, counter-ions (e.g., Na+) typically 
have stronger affinity to fixed charges (e.g., -SO3
-) in the membrane than co-ions (e.g., Cl-
) in solution [16].  Thus, the favorable interactions between counter-ions and fixed 
charges lead to a lower system free energy, and, in turn, 𝛾+
𝑚𝛾−
𝑚 falls below one [7, 13, 17, 
18].  In addition, 𝛾+
𝑚𝛾−
𝑚 appears to decrease (5~10%) with increasing 𝐶𝐴
𝑚 at fixed 𝐶𝑠
𝑠.  
According to Manning,  𝛾+
𝑚𝛾−
𝑚 values depend on the extent of polyion-ion interactions 
[17], which is determined by the concentrations of interacting species (i.e., fixed charges 
and mobile ions) [7].  In IEMs, sorbed mobile ion concentration is typically negligible 
relative to that of fixed charges, due to co-ion exclusion.  As a result, the contribution of 
mobile ions to the magnitude of polyion-ion interactions is much smaller than that of fixed 
charges.  Thus, as 𝐶𝐴
𝑚 increases, polyion-ion interactions become stronger and, in turn, 
system free energy and 𝛾+
𝑚𝛾−
𝑚 decrease [7, 17]. 
Figure B.4 (b) shows that the trends of 𝛾+
𝑚𝛾−
𝑚 with 𝐶𝑠
𝑠 exhibit different shapes in 
membranes having different 𝐶𝐴
𝑚  values.  For example, at high 𝐶𝐴
𝑚  [e.g., 10 mol/L 
(water sorbed)], 𝛾+
𝑚𝛾−
𝑚 changes little with 𝐶𝑠
𝑠 and shows an asymptotic leveling at low 
𝐶𝑠
𝑠  (i.e., 𝐶𝐴
𝑚 ≫ 𝐶𝑠
𝑠 ).  This scenario occurs because the fixed charge concentration 
significantly exceeds that of sorbed mobile ions due to strong co-ion exclusion effect at 
low 𝐶𝑠
𝑠 .  Thus, only 𝐶𝐴
𝑚  contributes to the extent of polyion-ion interactions, which 
keeps unchanged if 𝐶𝐴




𝑠 → ∞ in Eqn. (2.13), 
𝛾+
𝑚𝛾−
𝑚  approaches an asymptotic value equal to exp(−𝜉 ) [i.e., exp(−0.1) ≈ 0.9 in 
Figure B.4 (b)].  In contrast, when 𝐶𝐴
𝑚 = 0.01 mol/L (water sorbed), 𝛾+
𝑚𝛾−
𝑚 initially 
increases by 5% as 𝐶𝑠
𝑠 increases, followed by a plateau at unity.  This leveling at high 
𝐶𝑠




𝑚 → 0), or when they are fully “screened” by concentrated ions (𝐶𝐴
𝑚 ≪ 𝐶𝑠
𝑠).  In each 
scenario, the interactions between fixed charges and counter-ions are weak due to less 
effective fixed charges.  When the only interactions (i.e., polyion-ion) considered by 
Manning vanish, the system is analogous to an ideal solution, where the ion activity 
coefficients equal to one.   
To investigate the influence of 𝜉  on 𝐾𝑠  and 𝛾+
𝑚𝛾−
𝑚 , Figure B.5 (a) and (b) 
present 𝐾𝑠 and 𝛾+
𝑚𝛾−
𝑚 values in the membranes having constant 𝐶𝐴
𝑚 [1 mol/L (water 
sorbed)] but different 𝜉 (1~0.01, no counter-ion condensation).  As shown in Figure B.5 
(a), 𝐾𝑠 in all membranes increase dramatically with increasing 𝐶𝑠
𝑠 due to the weakened 
co-ion exclusion effect at high 𝐶𝑠
𝑠.  This behavior is qualitatively similar to that observed 
in Figure B.4 (a) at high 𝐶𝐴
𝑚.  At fixed 𝐶𝑠
𝑠 (e.g., 0.01 mol/L), 𝐾𝑠 decreases by 50% as 
𝜉  (= 
𝜆𝐵
𝑏
) decreases from 1 to 0.1.  If 𝜆𝐵  is assumed constant (i.e., same dielectric 
constant and conditions), the decrease in 𝜉 indicates increasing fixed charge distance, 𝑏.  
That is, the fixed charges are less densely distributed on the polymer, which generates 
relatively isolated electric fields along the chain.  Consequently, the attractions between 
fixed charges and counter-ions are reduced, resulting in less mobile counter-ion (i.e., 
mobile salt) sorption as 𝜉  decreases.  Interestingly, 𝐾𝑠  only decreases by 20% as 𝜉 
decreases from 0.1 to 0.01.  In this case, 𝑏 increases to an extent that the interactions 
between isolated fixed charges and counter-ions are very weak, and, in turn, mobile 
counter-ions are no longer experiencing the attractions from fixed charges.  The weak 
interactions eventually change little as 𝜉  continues decreasing and, therefore, 𝐾𝑠 , 
subjective to this interaction, becomes insensitive to 𝜉 change. 
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Figure B.5 (b) shows 𝛾+
𝑚𝛾−
𝑚 as a function of 𝐶𝑠
𝑠 in the membranes with constant 
𝐶𝐴




qualitatively similar to that demonstrated in Figure B.4 (b) when 𝐶𝐴
𝑚 = 1 mol/L (water 
sorbed).  As described earlier, 𝛾+
𝑚𝛾−













𝑠 → 0 in Eqn. (2.13)] [12].  However, at low 𝜉 (0.1 and below), 𝛾+
𝑚𝛾−
𝑚 approaches 
1.  This ideal behavior (𝛾+
𝑚𝛾−
𝑚 = 1) results from the depressed polyion-ion interactions 
due to the less densely distributed fixed charges on the polymer as 𝜉 decreases.  When 
such interactions diminish, the system is essential ideal, as mentioned earlier [12, 17]. 
Figure B.5  The influence of   on the (a) mobile salt sorption coefficient and (b) ion 
activity coefficients as a function of the external NaCl concentration in 
hypothetical membranes having constant fixed charge concentration of 
value 1 mol/L (water sorbed). 
Based on the analysis presented above (i.e., 𝜉 < 1), one can expect increasing 𝐶𝐴
𝑚 






























































































𝑚  (i.e., stronger polyion-ion interactions).  On the other hand, increasing 𝜉 (i.e., 
more densely distributed fixed charges) at constant 𝐶𝐴
𝑚  can increase 𝐾𝑠  (i.e., more 
counter-ion sorption) while decreasing 𝛾+
𝑚𝛾−
𝑚 .  These results will be useful in 
understanding the subsequent experimental sorption data.  However, certain model limits 
must be considered.  That is, Manning’s model was originally developed for densely 
charged polyelectrolytes in aqueous solution.  One would assume highly charged 
membranes equivalent to cross-linked polyelectrolytes, since electrostatic interactions 
between fixed charges and ions captured by polyelectrolyte theory are dominant in highly 
charged membranes [7].  However, such assumption might be inappropriate when the 
membrane is less charged or uncharged.  For example, the ion activity coefficients 
predicted by Manning’s model are always below one.  Because polyelectrolyte solution 




𝑠 → 0 in Eqn. (2.13)] [17].  Thus, ion activity coefficients in polyelectrolyte solution 
can not exceed those in ideal solution.  However, this upper limit of ion activity 
coefficients does not apply to membranes.  Indeed, the ion activity coefficients in 
uncharged membranes were reported to be much larger than one, likely due to unfavorable 
interactions between polymer backbone and ions [6].  However, further studies are 
needed to extend Manning’s model to account for non-idealities introduced by uncharged 
polymer segments. 
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Appendix C: Supporting Information for Chapter 66 
C.1 SOLUTION-DIFFUSION MODEL 
The solution-diffusion mechanism has been one of the most useful models for 
interpreting mass transport phenomenon in dense, non-porous membranes [1-3].  The 
model often describes chemical potential gradient across a homogeneous membrane as the 
overall driving force for the movement of penetrants [1, 4-7].  To derive mathematical 
equations for describing mass transport in the membrane, assumptions such as continuous 
concentration gradient and uniform pressure (i.e., at the feed pressure value) across the 
membrane are made, and the latter one allows the membrane to maintain mechanical 
equilibrium [1, 2, 8].  Figure C.1 shows a schematic of the chemical potential and 
concentration profiles in a membrane where salt transport occurs.  The symbols shown in 
this figure have the following meanings: 𝜇 = chemical potential, 𝑐 = concentration, 𝐽 = 
molar flux.  The phases external to the membrane surfaces at 𝑥 = 0 and 𝑥 = 𝐿 indicate 
the feed and permeate streams, respectively. 
 
 
                                                 
6 This chapter has been adapted from: Yan, N., Kamcev, J., Jang E.S., Kobayashi, K., Paul, D.R., Freeman, 
B.D., Ion and Salt Transport in a Series of Crosslinked AMPS/PEGDA Hydrogel Membranes (in 




Figure C.1  Schematic of the chemical potential and concentration gradient in a dense, 
non-porous membrane. 
As shown in Figure C.1, there is a continuous chemical potential gradient 
throughout the membrane based on the assumption that the solutions are in equilibrium 
with the membrane at both the feed and permeate interfaces [1, 9].  Thus, the molar flux 
of penetrant 𝑖 , 𝐽𝑖  [mol/(cm
-2 sec -1)], is described as the product of penetrate 
concentration, 𝐶𝑖 , driving force, 𝑑𝜇𝑖/𝑑𝑥 , and a constant as follows (i.e. no applied 
pressure) [1, 2, 10]. 







where 𝑑𝜇𝑖/𝑑𝑥 is the chemical potential gradient across the membrane at 𝑥 direction.  
In a typical salt permeation measurement, the driving force arises from the penetrant 
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concentration difference across the membrane.  Therefore, the chemical potential can be 
expressed as [1]. 
 𝜇𝑖 = 𝜇𝑖
0 + 𝑅𝑇𝑙𝑛𝑎𝑖 = 𝜇𝑖
0 + 𝑅𝑇𝑙𝑛(𝛾𝑖𝐶𝑖) (C.2) 
where 𝜇𝑖
0  is the reference chemical potential, R is the gas constant, T is absolute 
temperature, 𝑎𝑖 is the activity of penetrant 𝑖 (i.e., water, salt, ion), which can be written 
as the product of activity coefficient, 𝛾𝑖, and concentration, 𝐶𝑖.  Combining Eqn. (C.1)-
(C.2) gives: 
















where 𝛽𝑖(= 1 +
𝑑𝑙𝑛𝛾𝑖
𝑑𝐶𝑖
) is defined as the thermodynamic factor (or activity factor), which 
describes the thermodynamic non-ideality effect involved in the process [11, 12].  When 
𝛾𝑖 = 1 (ideal solution), 𝛽𝑖 = 1, and the expression of flux reduces to the form of Fick’s 
law [1]. 
In a typical salt permeation test, the molar salt flux can be expressed as follows: 











where the subscripts refer to components (s-salt), and the superscripts refer to polymer 
phases (s-solution, m-membrane) [3, 13, 14].  𝐷𝑠
𝑚 is the local salt diffusion coefficient, 
and 𝐷𝑠
𝑚∗ is the effective local salt diffusion coefficient inheritably containing the non-
ideal thermodynamic effect (i.e., 𝛽𝑠 ).  Determination of 𝐷𝑠
𝑚∗  will be discussed 
subsequently.  𝛽𝑠  can be determined by knowing the ion activity coefficients in the 
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membrane (i.e., computed from the experimental ion sorption results) [15] as demonstrated 
later.  Therefore, 𝐷𝑠
𝑚  can be calculated after accounting for the non-ideal 







Integrating Eqn. (S4) across the membrane thickness gives the momentary steady state salt 










𝑚)𝐿 are the salt concentrations at the feed and permeate sides of the 
membrane, respectively, 𝐿  is the swollen membrane thickness, 〈?̅?𝑠
𝑚∗〉  is the 
concentration averaged, apparent salt diffusion coefficient, and 𝐾𝑠 is the mobile salt (i.e., 
equal to co-ion concentration in charged membranes) sorption coefficient. 
To determine 𝐾𝑠 , one has to assume the solutions are in equilibrium with the 
membrane at both the feed and permeate interfaces.  Thus, equating the chemical 
potentials at the interfaces (𝜇𝑠
𝑠 = 𝜇𝑠











= 𝐾𝑠 (C.7) 
Substituting (𝐶𝑠
𝑚)0 and (𝐶𝑠











𝑠)0  and (𝐶𝑠
𝑠)𝐿  are the solution salt concentrations at the feed and permeate 
streams, respectively.  One typically defines a concentration averaged, integral salt 
permeability coefficient 〈𝑃𝑠〉 as follows: 
 〈𝑃𝑠〉 = 〈?̅?𝑠
𝑚∗〉𝐾𝑠 (C.9) 
where 〈𝑃𝑠〉  and can be experimentally determined using the approach presented 
subsequently, 𝐾𝑠 can be determined via salt sorption experiments and, therefore, 〈?̅?𝑠
𝑚∗〉 
can be computed via Eqn. (C.9). 
C.2 DETERMINATION OF INTEGRAL SALT PERMEABILITY 
When a membrane separates two compartments of salt solutions with constant 
volume, the upstream and downstream concentrations are set (𝐶𝑠
𝑠)0  and (𝐶𝑠
𝑠)𝐿 , 







In a typical salt permeation test conducted in a pair of diffusion cells, the 
downstream cell usually contains pure water [i.e., (𝐶𝑠
𝑠)𝐿 = 0], therefore, Eqn. (C.10) can 






In the downstream cell, the time dependence of increased salt quantity arising from 







= 𝐴𝐽𝑠 (C.12) 
where (𝐶𝑠
𝑠)𝐿[𝑡] is the downstream salt concentration at time 𝑡, 𝑉 is the volume of the 
downstream cell, and 𝐴 is the membrane area contacting the solutions.  Combining Eqn. 












𝑠)0[𝑡] is the upstream salt concentration at time 𝑡.  Assuming a mass balance 






𝑠)0[0]  is the initial upstream salt concentration (𝑡 = 0).  Combining Eqn. 



































Integrating Eqn. (C.17) yields: 
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} = 〈𝑃𝑠〉𝑡 (C.19) 
where (𝐶𝑠
𝑠)𝐿[𝑡] can be recorded using a conductivity meter (i.e., conductivity can be 









} vs. 𝑡 gives the slope equal to 〈𝑃𝑠〉 [18]. 
However, 〈𝑃𝑠〉 measured using the aforementioned method does not account for 
the frame of reference effect (i.e., convection) [12].  Thus, the apparent salt diffusion 
coefficient 〈?̅?𝑠
𝑚∗〉 obtained using 〈𝑃𝑠〉 via Eqn. (C.9) needs to be corrected for the frame 
of reference effect to get an effective average diffusion coefficient, 〈𝐷𝑠
𝑚∗〉 [12]. 
C.3 CORRECTING THE FRAME OF REFERENCE (CONVECTION) EFFECT 
The Fick’s first law of diffusion as described above considers the moles of solute 
(e.g., salt, ion) transported through molecular motions [19].  In a polymer system, it is 
more appropriate to use mass flux instead of molar flux due to the infinitely large molecular 
weight of the cross-linked polymer.  Therefore, the molar salt flux in Eqn. (S4) can be 
converted to a mass salt flux by multiplying the molecular weight of the penetrant salt as 
follows: 








where 𝑛𝑠 is mass flux of salt due to diffusive molecular motions, 𝜌𝑠
𝑚 is the salt mass 
concentration in the swollen membrane [g (salt)/L (swollen membrane)].  The integral 







where 𝑀𝑠  is the molecular weight of the salt.  Similarly, the hydraulic water 





where 𝜌𝑤  is the density of water, ∆𝜋  is the osmotic pressure difference across the 
membrane.  In a typical salt permeation test, the hydrostatic pressure applied on the 
membrane is zero (∆𝑝 = 0). 
The mass of salt can be also transported by the convective motion of solvent (e.g., 
water) [19].  For example, in a typical salt permeation experiment, water flux is in the 
opposite direction of that of salt due to the osmotic pressure difference across the 
membrane (i.e., ∆𝜋).  Thus, the true salt mass flux (corrected for convection) is expressed 
as follows: 
 𝑛𝑠 = 𝑗𝑠 + 𝜔𝑠(𝑛𝑠 + 𝑛𝑤 + 𝑛𝑝) (C.23) 
where 𝑛𝑠 is the combined salt mass flux (diffusive + convective), 𝜔𝑠 is the mass fraction 
of salt in the membrane [g (salt)/g (polymer + water + salt)], which will be discussed later, 
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𝑛𝑤 is the mass flux of water, and 𝑛𝑝 is the mass flux of the polymer (~0).  Combining 
Eqn. (C.2) and (C.23) gives the effective local salt diffusion coefficient, 𝐷𝑠
𝑚∗, as follows: 
 𝐷𝑠
𝑚∗ =
[𝑛𝑤𝜔𝑠 − 𝑛𝑠(1 − 𝜔𝑠)]𝑑𝑥
𝑑𝜌𝑠
𝑚  (C.24) 
Assuming a continuous salt mass concentration gradient across the membrane at 𝑥 
direction [12]: 




where (𝜔𝑠)0 and (𝜔𝑠)𝐿 are the salt mass concentrations at the upstream and downstream 
interfaces, respectively.  (𝜔𝑠)𝑥  is the salt mass concentration at the position with a 
distance of 𝑥 from the upstream interface.  In a salt permeation test, the downstream side 
salt concentration is typically negligible relative to that of the upstream side within the 
short timescale of the experiment.  Thus, integrating Eqn. (C.24) with the boundary 
conditions (𝜔𝑠)𝐿 = 0 and (𝜌𝑠










Combining Eqn. (C.7), (C.21), (C.22), and (C.26), the effective average salt diffusion 
coefficient (corrected for the frame of reference effect), 〈𝐷𝑠
𝑚∗〉,  in a salt permeation 

















 in Eqn. (C.27) using Eqn. (C.9), 〈𝐷𝑠















where the sorbed salt (e.g., co-ion for charged membranes) concentration at the upstream 
face of the membrane, (𝐶𝑠
𝑚)0 can be experimentally measured, and the salt mass fraction 
in the membrane, (𝜔𝑠)0, can be computed based on the sorbed salt and water content, the 
water permeability, 𝑃𝑤, can be determined from the osmotic water flux measurements.  
Procedures to determine (𝜔𝑠)0 and 𝑃𝑤 will be discussed subsequently. 
C.4 NERNST-PLANK EQUATION 
Different from the neutral molecules (i.e., water, salt), ionized species are also 
subjective to the force of an externally applied electric filed.  Ionic flux is therefore 
affected by both the concentration and electric potential gradients across the membrane.  
The driving force in this case is electrochemical potential defined as follows [20]: 
 𝜇𝑖 = 𝜇𝑖
0 + 𝑅𝑇𝑙𝑛𝑎𝑖 + 𝑧𝑖𝐹𝜓 = 𝜇𝑖
0 + 𝑅𝑇𝑙𝑛(𝛾𝑖𝐶𝑖) + 𝑧𝑖𝐹𝜓 (C.29) 
where 𝑧𝑖  is the valence of the penetrant ion 𝑖  (e.g., + is cation, − is anion), 𝐹  is 
Faraday’s constant,  𝜓 is the electric potential.  Based on Teorell’s theory, ionic flux 
can be expressed as the product ion concentration, 𝐶𝑖, and ion velocity, 𝑣𝑖, as follows 
[21]: 
 𝐽𝑖 = 𝐶𝑖𝑣𝑖 = 𝐶𝑖𝑢𝑖𝐴𝑖 (C.30) 
where 𝑢𝑖 is the ionic mobility,  𝐴𝑖 is the driving force for ion movements.  Assuming 


















where the general driving force was substituted with the one-directional electrochemical 
potential gradient (i.e., 𝐴𝑖 =
𝑑𝜇𝑖
𝑑𝑥
), and the ionic flux expression has the same form of that 
in the Fick’s law.  Combining Eqn. (C.29) and Eqn. (C.32) yields the expression for the 
ionic flux with a convection term [20]: 








] + 𝐶𝑖𝜈𝑥 (C.33) 
where 𝜈𝑥 is the velocity of the convective fluid (e.g., solvent) at 𝑥 direction.  When the 
convective term is neglected and all ionic solutions are ideal (𝛾𝑖= 1), Eqn. (C.33) reduces 
to the best-known form of the Nernst-Plank equation [20]: 









where the ionic flux is essentially composed of the ion diffusion driven by the 
concentration gradient (the first term in the bracket) and ion migration driven by the electric 
field (the second term in the bracket). 
However, the ion activity coefficients in the membrane are typically far from 



















𝑚 , 𝛽𝑖 , and 𝐶𝑖
𝑚  are the ionic flux, diffusion coefficient, thermodynamic 
factor, and concentration the penetrant 𝑖 in the swollen membrane. 
C.5 ION DIFFUSION (NO EXTERNAL ELECTRIC FIELD) 
Absent of an external electric filed, a net transference of ionic flux in the membrane 
must be zero, therefore, for a 1:1 electrolyte [12]: 
 𝐽+ = 𝐽− = 𝐽𝑠 (C.36) 
where 𝐽𝑠  is the coupled salt flux.  In a charged membrane with the fixed charge 
concentration of 𝐶𝐴





where 𝜔  is the sign of the fixed charge groups (𝜔 = −1  for a negatively charged 
















𝑚  is the mobile salt concentration in the membrane.  Eqn. (C.37) means the 
concentration gradient across the membrane is constant.  Combining Eqn. (C.35), (C.36), 






















𝑚  and 𝐷−
𝑚  are the cation and anion diffusion coefficients in the membrane.  

















Eqn. (C.40) is another way to express the Fick’s law with the individual ionic 
thermodynamic effect included.  Generally, in uncharged and moderately charged 
membranes, the ion activity coefficient of counter-ion and co-ion are equal to the mean salt 
activity coefficients (e.g., 𝛾+ = 𝛾− = 𝛾𝑠) [22], therefore, 𝛽+ = 𝛽− = 𝛽𝑠, and Eqn. (C.40) 
becomes: 
 𝐽𝑠














Comparing Eqn. (C.41) to Eqn. (C.4), the local salt diffusion coefficient can be expressed 
in terms of individual ion concentrations (𝐶−
𝑚 and 𝐶+
𝑚) and diffusion coefficients (𝐷−
𝑚 
and 𝐷+














Eqn. (C.42) describes the coupled diffusion coefficient of a salt molecule in terms of the 
individual ions.  In an uncharged membrane, 𝐶−
𝑚 = 𝐶+




















where the superscript ‘s’ represents the solution phase.   
C.6 ION MIGRATION (NO CONCENTRATION GRADIENT) 
In the absence of an ionic concentration gradient, ionic flux driven by the electric 
potential gradient reduces to the following form [10]: 







where 𝐽𝑖 is equivalent to a current density since the ionized species are current carriers 
under an electric field.  𝐹 is Faraday’s constant, 𝑅 is the gas constant, and 𝑇 is the 












where 𝐴 is the cross-sectional area in a linear system.  Thus, the total electric current, 


























where 𝑙 is the distance over which the electric potential gradient, ∆𝐸 (V), is applied.  
































For a membrane equilibrated in a 1:1 strong electrolyte solution, the membrane ionic 











C.7 MASS FRACTION OF SALT 
The mass fraction of salt in a membrane, 𝜔𝑠 , equilibrated with an external 





𝑚𝑀𝑠 + 𝜙𝑤(1 + 1/𝑤𝑢)
 (C.52) 
where 𝐶𝑠
𝑚 is the salt concentration in the membrane [mol/L (swollen membrane)], 𝜙𝑤 is 
the water volume fraction [L (sorbed water)/L (swollen membrane)], and 𝑤𝑢  is the 
polymer water uptake [g (water)/g (dry polymer)].  Exemplary 𝜔𝑠  values for an 
uncharged (i.e., 10-0) and charged (i.e., 10-1.93) membranes are presented in Figure C.2 
as a function of external NaCl concentration.  At low external NaCl concentrations, 𝜔𝑠 
in sample 10-1.93 is lower than that in sample 10-0 due to Donnan exclusion.  When 𝐶𝑠
𝑠 
= 1M, their 𝜔𝑠 values are nearly identical, which is due to reduced Donnan exclusion at 
high 𝐶𝑠
𝑠 values.  These results are consistent with the salt sorption coefficient results in 




Figure C.2  NaCl mass fraction in the uncharged XLPEGDA membrane (i.e., 10-0) and 
charged XL (AMPS-PEGDA) membrane (i.e., 10-1.93) as a function of 
external NaCl concentration. 
C.8 EFFECTIVE AVERAGE SALT DIFFUSION COEFFICIENT 
After correcting for the frame of reference effect, the effective average salt 
diffusion coefficient, 〈𝐷𝑠
𝑚∗〉, is presented in Figure C.3 together with 〈?̅?𝑠
𝑚∗〉 as a function 























































Figure C.3  The apparent and effective average diffusion coefficients, 
*m
sD , and 
m
sD , for: (a) sample 10-0 and (b) sample 10-1.93. 
As shown in Figure C.3, the effect of frame of reference is negligible for both 
membranes considered [i.e., 〈𝐷𝑠
𝑚∗〉 ≈ 〈?̅?𝑠
𝑚∗〉] at low upstream NaCl concentrations (𝐶𝑠
𝑠 < 
0.3 M), due to the low mass salt fraction, (𝜔𝑠)0, and water flux, 𝑛𝑤, at these conditions 
[cf. Eqn. (C.28)].  However, at higher 𝐶𝑠
𝑠  values (> 0.3 M), 〈𝐷𝑠
𝑚∗〉  is higher than 
〈?̅?𝑠
𝑚∗〉, so the frame of reference effect is more pronounced at higher salt concentrations.  
These observations are consistent with results from prior studies [12]. 
C.9 EFFECTIVE LOCAL DIFFUSION COEFFICIENT 
The effective local salt diffusion coefficient, 𝐷𝑠


















































































































𝑚  (C.53) 
where 𝜌𝑠




𝑚)𝐿] is plotted against 𝜌𝑠
𝑚, so the relation between 𝐷𝑠
𝑚∗ and 𝜌𝑠
𝑚 can 
be obtained using an empirical model fitting method [12]. 
 
Figure C.4  The influence of m
s  on  0
m m
s sD   in samples 10-0 and 10-1.93. 




𝑚 = 0.60 × 10−6(𝜌𝑠
𝑚)0.94 (C.54) 
The fitting parameters extracted from Eqn. (C.54) were used to determine 𝐷𝑠






















































𝑚∗ = 0.56 × 10−6(𝜌𝑠
𝑚)−0.06 (C.55) 
The empirical power law expression for sample 10-1.93 is given by: 
 〈𝐷𝑠
𝑚∗〉𝜌𝑠
𝑚 = 2.69 × 10−6(𝜌𝑠
𝑚)0.99 (C.56) 
Then, 𝐷𝑠
𝑚∗ for sample 10-1.93 is expressed as: 
 𝐷𝑠
𝑚∗ = 2.62 × 10−6(𝜌𝑠
𝑚)−0.01 (C.57) 
The effective local salt diffusion coefficient and the effective average salt diffusion 
coefficient are presented in Figure C.5 (a) and (b), respectively. 
  
Figure C.5  Effective average, 
*m
sD , and effective local salt diffusion coefficients, 
*m






































































































For both samples, the effective local salt diffusion coefficient is almost the same as 
the effective average diffusion coefficient ( 〈𝐷𝑠
𝑚∗〉 = 𝐷𝑠
𝑚∗ ), within experimental 
uncertainty, similar to prior reports [12].  The same behavior was also found in the other 
samples studied. 
C.10 LOCAL SALT DIFFUSION COEFFICIENT 
Quantifying non-ideal thermodynamic effects on diffusion coefficients requires ion 
activity coefficient data in the membrane [12].  According to Manning’s model, the 
individual ion activity coefficient in a charged membrane that does not undergo counter-
ion condensation would be the same for cation and anion [22].  Thus, the mean ion 
activity coefficient in the membrane, 𝛾±







𝑚  can be computed from experimental salt sorption results, as discussed 





Figure C.6  The dependence of mean ion activity coefficient in the membrane as a 
function of the external NaCl concentration for samples 10-0 and 10-1.93. 
The thermodynamic correction factor for salt diffusion coefficients can be 
calculated as follows [11]: 



















































Figure C.7  Determination of s  in samples 10-0 and 10-1.93. 
Fitting the data of sample 10-0 to an empirical power law model (dashed line) gives: 




𝑚) = 1 − 0.13 = 0.87 (C.60) 
where the slope of 𝑙𝑛𝛾±
𝑚  vs. 𝑙𝑛𝐶𝑠
𝑚  is negative because ion activity coefficients of 
uncharged membranes typically decrease as salt concentration in the membrane increases 
[24].  For sample 10-1.93: 




𝑚) = 1 + 0.02 = 1.02 (C.61) 
where the slope of 𝑙𝑛𝛾±
𝑚  vs. 𝑙𝑛𝐶𝑠
𝑚  is a small positive number since the ion activity 
coefficient of the charged membrane increases slightly as the membrane sorbed salt 
concentration increases [15].  Such behavior is qualitatively consistent with other charged 
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Combining Eqn. (C.5), (C.59), and (C.61), the local NaCl diffusion coefficient, 
𝐷𝑠
𝑚, which accounts for both the frame of reference and non-ideal thermodynamic effects 
can be calculated [12].  𝐷𝑠
𝑚 values are presented in Figure C.8 together with the effective 
local diffusion coefficient, 𝐷𝑠
𝑚∗, as a function of upstream NaCl concentration. 
  
Figure C.8  Local salt diffusion coefficient, msD , compared with the effective local salt 
diffusion coefficient, *msD , for samples: (a) 10-0 and (b) 10-1.93. 
As shown in Figure C.8 (a), the local salt diffusion coefficient is systematically 
higher than the effective local diffusion coefficient by about 18%, because 𝛽𝑠 is less than 
1 for the uncharged membrane [cf. Eqn. (C.59)].  As shown in Figure C.8 (b), 𝐷𝑠
𝑚 is 
slightly smaller than 𝐷𝑠
𝑚∗ by about 5%, due to the small value of 𝛽𝑠 [cf. Eqn. (C.61)].  
However, these small differences are within experimental the uncertainties, similar to 
results reported for other charged membranes [12].  The same result was also obtained in 






































































































C.11 COMPARING LOCAL AND APPARENT SALT DIFFUSION COEFFICIENTS 
Figure C.9 presents local and apparent salt diffusion coefficients as a function of 
upstream NaCl concentration.  For the uncharged membrane (i.e., 10-0), the local salt 
diffusion coefficient is slightly larger than the apparent one, since both frame of reference 
and thermodynamic non-ideality effects act to increase the apparent salt diffusion 
coefficien [cf. Figure C.2 (a) and Figure C.6 (a)].  However, the difference between 𝐷𝑠
𝑚 
and 〈?̅?𝑠
𝑚∗〉  is within the experimental uncertainty.  For the most highly charged 
membrane considered (i.e.,10-1.93), 𝐷𝑠
𝑚 and 〈?̅?𝑠
𝑚∗〉 are nearly identical considering the 
experimental uncertainty.  Correcting for the frame of reference effect increased salt 
diffusion coefficients [cf. Figure C.2 (b)], and salt diffusion coefficients decreased slightly 
after accounting for the thermodynamic non-ideality effect [cf. Figure C.6 (b)].  Both 
effects somewhat offset each other in the charged membrane, which is similar to results 




Figure C.9  Effect of upstream NaCl concentration on local salt diffusion coefficient, 
m
sD , compared with the apparent salt diffusion coefficient, 
*m
sD , for 































































































C.12 MEMBRANE IONIC CONDUCTIVITY MEASUREMENTS   
 
Figure C.10 Membrane ionic conductivity in sample 10-0 measured using difference and 
direct contact method [25]. 𝜅 values obtained using these two methods are 
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Figure C.11 Membrane ionic conductivity in sample 10-0.97 measured using the direct 
contact method [25] with dipping solution concentrations of 1, 3 and 5 M 
and using the difference method [25].  𝜅 values obtained using the direct 
contact method are indistinguishable when the dipping solution is above 3 






















































C.13 MEMBRANE TRANSPORT PROPERTIES (I.E., PEGDA N = 13 AND N = 4) 
  
Figure C.12 Membrane water volume fraction in selected charged XL(AMPS-PEGDA) 
membranes prepared with PEGDA of (a) n =13 and (b) n = 4.   
  
Figure C.13 Membrane salt permeability coefficients in selected charged XL(AMPS-










XLPEGDA (n=13, 25%) water uptake
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Figure C.14 Membrane apparent salt diffusion coefficients in selected charged 
XL(AMPS-PEGDA) membranes prepared with PEGDA of (a) n =13 and 
(b) n = 4. 
 
Figure C.15 Membrane apparent salt diffusion coefficients in selected charged 
XL(AMPS-PEGDA) membranes prepared with PEGDA of n =13 and n = 4 

















































































































































































Figure C.16 Membrane ionic conductivity in selected charged XL(AMPS-PEGDA) 
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Figure C.17 Na+ diffusion coefficients, mD , (a) and Cl
- diffusion coefficients, mD , (b) 
as a function of polymer water volume fraction in membranes prepared with 
PEGDA of n =13 and n = 4.  The solid lines represent the Mackie and 
Meares model predictions. 
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